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Deoxyribose-5-Phosphate Metabolism by Normal Liver and 
Malignant Hepatoma 


GrorGE E. Boxer anp Cart E. SHONK 


From the Merck Institute for Therapeutic Research, Rahway, New Jersey 


(Received for publication, February 20, 1958) 


The requirement for net synthesis of deoxyribonucleic acid in 
a growing tissue, normal or malignant, is well established. The 
synthetic pathways of the purine and pyrimidine moieties of 
nucleic acids have been largely elucidated, but most of the 
available data are concerned with ribonucleic acid synthesis. 
The metabolic origin of the deoxyribose moiety of DNA! is, 
however, not clearly established. Direct conversion in vivo of 
cytidine to deoxycytidine without splitting of the ribosidic 
linkage has been observed to occur in rats (1). On the other 
hand, Racker (2) has described an enzymatic mechanism for the 
synthesis of 2-deoxy-p-ribose 5-phosphate by aldol condensation 
of glyceraldehyde-3-phosphate and acetaldehyde. This enzyme 
has been studied in detail in bacterial extracts and its occurrence 
in animal tissues such as mouse liver and thymus has been noted. 
McGeown and Malpress (3) have demonstrated the presence of 
the enzyme in guinea pig liver. These investigators have 
identified deoxyribose-5-phosphate as the product formed when 
either triose phosphate or fructose-1,6-diphosphate (hexose 
diphosphate) were incubated with acetaldehyde and suitable 
enzyme preparations. Isotopic evidence that synthesis in vivo 
of the deoxyribose moiety of DNA does occur from 2 and 3 
carbon precursors has recently been described (4-6). 

The data presented compare the deoxyribose phosphate 
aldolase activity of normal tissues to that of malignant tissue 
and report observations on the fate of deoxyribose phosphate 
and deoxyribo-nucleosides and -nucleotides added to these 
tissues. A preliminary account of this work has been published 


(7). 
EXPERIMENTAL 


For measurement of deoxyribose phosphate synthesis, tissues 
were homogenized with 4 volumes of ice-cold isotonic potassium 
chloride in a Potter Elvehjem homogenizer with a Teflon pestle. 
Aliquots (0.1 to 0.4 ml.) of the homogenates or their centrifugal 
fractions containing equal wet weights of tissue were incubated 
in 0.04 m Tris buffer of pH 7.4 with 5 umoles of hexose diphos- 
phate and 10 wmoles of acetaldehyde in a total volume of 1 ml. 
After incubation at 37° for the indicated times, the reaction 
was stopped by the addition of an equal volume of 10 per cent 
trichloroacetic acid or perchloric acid. Deoxyribose phosphate 
was determined colorimetrically in an appropriate aliquot of the 
supernatant fluid. All centrifugal fractionations were carried 
out at 0-5°. Freeze-dried supernatant fractions (obtained at 
30,000 x g) of tumor homogenates proved to be a stable source 


1The abbreviations used are: DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid; Tris, tris(hydroxymethyl)aminomethane. 


of the deoxyribose phosphate aldolase reaction, while the cor- 
responding fraction from normal liver served as a stable source 
of the enzymes involved in the metabolism of deoxyribose 
phosphate. Potassium chloride homogenates were used through- 
out since sucrose interfered with the color reactions for deoxy 
sugar. 

Deoxyribose phosphate was determined colorimetrically with 
diphenylamine using the modification of the Dische procedure 
described by Burton (8) for DNA. This modification is 3.5 
times more sensitive for deoxyribose than the original Dische 
procedure and even more sensitive for deoxyribose phosphate 
and deoxyribose purine derivatives (see Table II). More 
important is the fact that the substrates in the concentrations 
used do not interfere with the color reaction. In order to 
improve the specificity of the color reaction, we have used the 
dichromatic spectrophotometry recommended by Racker (2) 
that involves subtracting the absorbance at 650 my from the 
absorbance at 590 my. This reduces the sensitivity by about 
30 per cent but avoids interferences encountered with some 
tissue fractions. All the figures in this paper have as their 
ordinate, AA X 10%, the absorbance at 590 my minus the ab- 
sorbance at 650 mu. Under these experimental conditions, a 
AA X 10° of 400 is equivalent to 0.1 uwmoles of deoxyribose 
phosphate (see Table II). Stability and purity of color are 
greatly improved by keeping the tubes in the dark during color 
development. It has been observed that the color development 
is much less sensitive to light in perchloric acid filtrates than in ‘ 
trichloroacetic acid filtrates. Deoxyguanosine was used to 
establish adequacy of color development in tissue extracts. The 
only disadvantage of this method is the fact that at least 16 
hours are required for optimal color development. 

The modification of the cysteine-sulfuric acid reaction for 
deoxy sugars described by Stumpf (9) and Dische (10) was 
frequently employed to confirm the results with the dipheny]l- 
amine reaction. Lack of sensitivity restricted the routine use of 
this method. 

Deoxyribose phosphate was prepared from deoxyadenylic acid 
as described by Racker (2) or from deoxyguanylic acid according 
to Lampen (11). It was identified by the following criteria: 
paper strip chromatography; positive diphenylamine and 
cysteine-sulfuric acid reaction; liberation of inorganic phosphate 
on acid hydrolysis at 100° in 20 minutes; absence of free inorganic 
phosphate; absence of absorption in the region of 260 to 280 my. 

Deoxyribo-nucleotides and -nucleosides were obtained from 
the California Foundation for Biochemical Research, crys- 
talline aldolase and glyceraldehyde phosphate dehydrogenase 
from Sigma Chemical Company and C. F. Boehringer and 
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Soehne, G. m.b. H., Mannheim, and hexose diphosphate (Mg 
salt) from Schwarz Laboratories, Inc. 

The Novikoff hepatoma and the Murphy lymphosarcoma 
were grown by sterile inoculation into 150 to 200 gm. Holtzman 
strain rats, intraperitoneally and subcutaneously, respectively. 
The Morris hepatoma was transplanted subcutaneously into 
AXC strain rats. The butter-yellow hepatoma was induced in 
Holtzman strain rats according to Miller et al. (12) on a high 
fat, normal riboflavin diet. All tumors were carefully inspected 
for necrosis and only non-necrotic tissue was used for the ho- 
mogenates. 


RESULTS 


Fig. 1 illustrates the comparison of the deoxyribose phosphate 
aldolase activities of a supernatant fraction obtained at 1800 « 
g of homogenates from normal rat liver, regenerating liver, and 
a hepatoma (Novikoff) growing as a solid tumor in the peri- 
toneum of the rat. 

In normal liver, the amount of deoxyribose phosphate formed 
increases to a peak and gradually disappears. The peak occurs 
in about 10 to 40 minutes, being reached earlier with higher 
concentrations of tissue extract. Nearly complete disappearance 
occurs after 60 to 90 minutes. 

In the regenerating liver, the synthesis and disappearance of 
deoxyribose phosphate is increased 2- to 3-fold. Each animal is 
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Fie. 1. Deoxyribose phosphate aldolase activity. The reaction 
mixture contained 0.2 ml. of a supernatant fraction of the homog- 
enates obtained at 1800 X g, 5 umoles of hexose diphosphate, and 
10 wmoles of acetaldehyde in a total volume of 1 ml. of 0.04 m 
Tris buffer, pH 7.4. It was incubated at 37° for the indicated 
times. 
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Fic. 2. Deoxyribose phosphate aldolase pattern in tumors. 
The conditions used were the same as in Fig. 1. 


its own control since enzyme activity of the portion of liver 
removed at the time of the operation was compared with activity 
of the remaining regenerating liver. Maximal increase of 
synthetic capacity (represented by the curve in Fig. 1) for 
deoxyribose phosphate occurred about 72 hours after hepa- 
tectomy and the return to control values in about 7 days. This 
lags somewhat behind the peaks of DNA synthesis and mitotic 
activity after hepatectomy which occur at about 24 to 48 hours 
(13). The age of the animal has some bearing on the deoxy- 
ribose phosphate aldolase activity of the liver since younger 
animals have greater activity and the rise after hepatectomy is 
more pronounced in the older animals. 

In the hepatoma homogenate, the synthetic reaction proceeds 
at a rate 2 to 3 times faster than in normal liver homogenate 
and there is no indication of disappearance of deoxyribose 
phosphate even when incubation is extended for 3 to 6 hours. 
The actual rate of formation decreases as shown by the asymp- 
totic nature of the curve, but deoxyribose phosphate formed 
does not disappear. The decrease in rate of synthesis may be 
due to loss of volatile substrate, acetaldehyde, or to denatura- 
tion of enzyme protein. In one instance more acetaldehyde 
was added after 40 minute incubation and the rate of formation 
of deoxyribose phosphate was found to increase again. The 
identity of the chromogenic material formed in liver and tumor 
with deoxyribose phosphate was established by paper chroma- 
tographic comparison with authentic samples of deoxyribose 
phosphate. 
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The curves in the experiment of Fig. 1 are reported on the 
basis of equal wet weight of tissues. On dry weight or nitrogen 
basis the difference between the normal and malignant tissue 
becomes more pronounced because of the somewhat higher 
water content of the tumor. On the basis of DNA content, 
essentially the same curves are obtained as in Fig. 1, but this 
affords a doubtful standard of comparison since the constancy 
of DNA content per cell does not hold for the tumor. 

The characteristic pattern of deoxyribose phosphate aldolase 
activity is demonstrated in six different tumors in Fig. 2. Syn- 
thetic activity is rapid and even after prolonged incubation there 
is no indication of disappearance of deoxyribose phosphate. 

The curves represent three different rat hepatomas; the 
Novikoff tumor growing intraperitoneally, the Morris tumor 
growing subcutaneously in AXC rats, and a hepatoma, induced 
by butter-yellow feeding, growing in the liver of the rat. Direct 
comparison with normal and regenerating tissue is available for 
these tumors (Fig. 1). The Murphy lymphosarcoma was 
growing subcutaneously in the rat and the spontaneous tumor 
had been found growing retroperitoneally in an untreated rat. 
It consists of large epitheloid cells, but its origin cannot be 
established histologically. The tumor proved to be readily 
transplantable. The HeLa cells, a human cancer growing in 
tissue culture, were obtained from 3 week-old cultures. It is 
difficult to be certain of quantitative differences in enzyme 
activity between these tumors since considerable variations in 
specific activity were found on individual specimens of each 
tumor. This is in good part due to the difficulty in excluding, 
even after thorough gross inspection, necrotic areas from the 
material used to prepare the homogenate. 

The deoxyribose phosphate aldolase activity of centrifugal 
fractions of normal liver and Novikoff hepatoma homogenates 
are represented in Fig. 3. 

In normal liver homogenates, most of the deoxyribose phos- 
phate aldolase is found in the material settling with centrifuga- 
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tion at 600 X g. Precipitates obtained at 1,800, 8,500, 20,000 
and 80,000 X g are completely inert. The supernatant fraction 
obtained at 80,000 x g still possesses a small amount of synthetic 
activity. In the hepatoma homogenate, the precipitate obtained 
at 600 X g shows very little activity, whereas most of the 
increased activity is found in the supernatant fraction obtained 
at 80,000 x g. Intermediate centrifugal fractions were again 
inactive. The possibility that aldolase becomes the rate-limiting 
reaction with hexose diphosphate as one of the substrates has 
been excluded by determining aldolase activity (14). In all 
instances, aldolase activity in excess of that required for the 
conversion of the added hexose phosphate to triose phosphate 
was present. Crystalline aldolase was added in some of the 
experiments as an added precaution but did not alter the picture 
presented in Figs. 1-3. 

Quantitatively, the most striking difference is the fact that 
deoxyribose phosphate disappears from the normal liver but 
not from the tumor in the presence of substrates for synthesis. 
However, if deoxyribose phosphate or deoxyguanosine alone are 
added to certain centrifugal fractions from liver or hepatoma, 
material reacting as deoxy sugar in the color test disappears 
(Fig. 4). 

Most of this activity is found in the supernatant fraction 
from high speed centrifugation, derived from normal liver, with 
a small residual activity in the precipitate obtained at 600 x g. 
The intermediate centrifugal fractions are again completely 
inactive. In the supernatant fraction from high speed cen- 
trifugation, derived from hepatoma, a small activity can be 
demonstrated but only in the complete absence of substrates for 
deoxyribose phosphate synthesis. This is in contrast to the 
fraction from normal liver where it disappears rapidly and 
readily even in the presence of deoxyribose phosphate aldolase 
substrates (Figs. 1 and 3). 

Reversal of the deoxyribose phosphate aldolase reaction 
would be a simple explanation for the disappearance of di- 
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Fic. 3. Deoxyribose phosphate aldolase activity of various centrifugal fractions of normal liver and Novikoff hepatoma homogenates. 
Particulate fractions were resuspended in original volume of isotonic KCl; otherwise, conditions were the same as in Fig. 1. 
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Fic. 4. Disappearance of deoxyribose reacting material from normal liver and hepatoma. Reaction mixture contained 0.2 ml. of 
enzyme fraction and 0.125 wmoles of deoxyguanosine in 1 ml. of 0.04 m Tris buffer, pH 7.4. It was incubated at 37° for the indicated 


times. 


TABLE I 


Incubation of deoryribose phosphate and deoryguanosine 
with dialyzed liver fractions 

The enzyme was obtained from a supernatant fluid obtained at 
30,000 X g of normal rat liver by fractionation with ammonium 
sulfate between 40 to 60 per cent saturation, followed by dialysis. 
Incubation at 37° in 1 ml. of 0.04 m Tris buffer, pH 7.4, containing 
0.2 umoles of substrate. Additions asindicated. Boiled or ashed 
liver corresponded to 100 mg. wet weight of fresh liver. 























SA after incubation for: 
Substrate Supplement 
0 20 | 40 | 8 
min. min, min, min. 
Deoxyribose phosphate} None 810 | 805 | 790 | 800 
Deoxyribose phosphate} Boiled liver 800 | 323 | 174 | 78 
Deoxyribose phosphate} Ashed liver 815 | 790 | 780 | 787 
Deoxyribose phosphate} Versene (10 mm) | 800 810 
Deoxyribose phosphate} Phosphate (10 | 795 790 
mM) 
Deoxyguanosine None 780 | 813 | 785 
Deoxyguanosine Boiled liver 800 | 505 | 370 
Deoxyguanosine Phosphate (10 | 795 | 796 | 782 
mM) 




















phenylamine reactive material when either deoxyribose phos- 
phate or purine deoxyribose derivatives are added to liver 
supernatant fractions. Such an interpretation is inconsistent 
with the following observations. First, the biphasic curve 
(Fig. 1) observed does not indicate the establishment of an 
equilibrium state. Secondly, deoxyribose phosphate aldolase 
and the enzymes involved in the metabolism of deoxyribose 


phosphate are prevalent in different centrifugal fractions of liver 
as well as tumor homogenates. In liver, most of the deoxyribose 
phosphate aldolase is in the fraction settling at 600 x g but the 
reactions leading to the disappearance of deoxyribose phosphate 
are absent (Figs. 3 and 4). The supernatant fraction from high 
speed centrifugation, derived from normal liver, is the best 
source for the enzymes involved in the metabolism of deoxy- 
ribose phosphate, but a poor source of deoxyribose phosphate 
aldolase. This relation is reversed in tumor supernatant frac- 
tions. Separation of deoxyribose phosphate aldolase from the 
enzymes involved in deoxyribose phosphate metabolism can be 
obtained by ammonium sulfate fractionation of liver super- 
natant fluid. All of the deoxyribose phosphate aldolase is 
precipitated by 40 per cent saturation with ammonium sulfate, 
whereas the bulk of the enzymes of deoxyribose phosphate 
metabolism precipitate at between 40 and 60 per cent saturation. 
Finally, Racker (2) originally demonstrated the reversibility of 
the reaction with a deoxyribose phosphate aldolase derived from 
Escherichia coli by measuring the formation of glyceraldehyde 
phosphate from deoxyribose phosphate with glyceraldehyde 
phosphate dehydrogenase. With the enzyme present in liver or 
tumor fractions and deoxyribose phosphate or the purine deoxy- 
ribonucleosides as substrates, formation of glyceraldehyde-3- 
phosphate could not be demonstrated by enzymatic methods 
(2) or the colorimetric method (14), in spite of the rapid dis- 
appearance of diphenylamine-reacting material. 

The complex nature of the reactions involved in the dis- 
appearance of diphenylamine-reacting material is indicated in 
Table I. Whereas deoxyribose phosphate aldolase from bacteria, 
liver, thymus (2), and tumor supernatant fractions is not in- 
activated by extensive dialysis, deoxyribose phosphate metab- 
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TaBe II 
Behavior of various deoxyribose derivatives on incubation 
with undialyzed liver supernatant 
The source of enzymes was a supernatant fraction obtained at 


30,000 X g of normal rat liver. Incubation conditions were the 
same as in Table I. 











MA after incubation for: 
Substrate 
0 min. 20 min. 40 min. 

0.2mM 
Deoxyguanosine 806 220 121 
Deoxyguanylic acid 756 442 143 
Deoxyadenosine 800 584 420 
Deoxyadenylic acid 855 592 207 
Deoxyribose phosphate 800 530 286 
2-Deoxy-p-ribose 310 328 

2.0mM 
Deoxycytidine 0 0 0 
Deoxycytidylic acid 0 0 0 
Thymidine 0 532 270 
Deoxyuridine 0 714 645 














olism requires a dialyzable cofactor(s) and/or substrate. Ac- 
tivity of normal liver or the fraction obtained between 40 to 60 
per cent ammonium sulfate saturation is lost by dialysis. This 
activity can be completely restored with the addition of un- 
dialyzed boiled liver but not with the addition of the ash of this 
fraction. 

The fact that organic cofactor(s) and/or substrate are in- 
volved in the reaction makes it unlikely that it represents a 
simple phosphatase action. Phosphatase is further excluded by 
the fact that diphenylamine-reacting material is nearly com- 
pletely disappearing during the reaction. If deoxyribose were 
formed by phosphatase action from deoxyribose phosphate, the 
final color could not decrease to less than one-third since, as 
shown in Table II, the ratio of the extinction coefficients of 
deoxyribose phosphate to deoxyribose is about 3:1. 

The relative color intensities obtained with the Burton re- 
action are indicated from the zero time values in Table II. 
The disappearance of diphenylamine-reacting material if deoxy- 
ribose phosphate or the various purine deoxyribose derivatives 
are added, is illustrated by the values in 20 and 40 minutes. It 
is evident that deoxyribose itself is unreactive in this system. 

Deoxyribonucleosides of the pyrimidines do not yield any 
color with the modification of the Burton reaction used. Di- 
phenylamine-reacting material appears on incubation of the 
thymine and uracil derivatives but not with the cytosine de- 
rivatives. In a dialyzed supernatant fraction of liver obtained 
by ammonium sulfate between 40 to 60 per cent saturation, this 
formation of diphenylamine-reacting material depends upon the 
addition of phosphate and thus behaves in every respect as 
thymidine phosphorylase (nucleoside phosphorylase (15, 16)). 
The use of the Burton color reaction with thymidine as sub- 
strate actually offers the simplest procedure for measuring 
nucleoside phosphorylase. In contradistinction, using the same 
fraction and either deoxyribose phosphate or purine deoxy- 
ribonucleosides as substrates (Table I), the addition of phosphate 
does not lead to a disappearance of diphenylamine-reacting 
material unless boiled liver extract is added. The observed 
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effect can, therefore, not be ascribed to the action of nucleoside 
phosphorylase. 


DISCUSSION 


Increased capacity for the synthesis of the deoxyribose moiety 
of DNA from 2 and 3 carbon precursors is apparently available 
in two situations when rapid cell proliferation occurs: liver 
regeneration and hepatoma growth. In the rapidly growing, 
normal tissue, the increased capacity for synthesis is counter- 
balanced by an increased capacity for the handling of deoxyribose 
phosphate and deoxyribose purine derivatives. In contrast, the 
tumor has only slight capacity for removal of deoxyribose 
derivatives. The same situation exists with all the tumors 
tested; however, only for the hepatomas is there a readily 
available comparison with the normal mature tissue and the 
normal, but rapidly growing tissue. 

The distribution of the deoxyribose phosphate aldolase as well 
as the reaction leading to the disappearance of deoxyribose 
phosphate in the centrifugal fractions is of considerable interest. 
In normal liver the enzyme is absent from particulate fractions 
that do not contain nuclei. The precipitate obtained at 600 x 
g from KCl homogenates does, however, not represent pure 
nuclei. Phase microscopical examination of this fraction shows 
the presence of considerable particulate material resembling 
large mitochondria. This same fraction is nearly inactive in 
the hepatoma and all the increased activity is found in the 
supernatant fraction obtained at 80,000 x g which is free of 
particulate material under the phase microscope. It is doubtful 
whether these differences in the enzyme distribution in ho- 
mogenate fractions can be extrapolated to the distribution in the 
intact cells. The presence of the deoxyribose phosphate aldolase 
in the soluble fraction of the hepatoma may reflect greater 
fragility or permeability of the tumor nucleus than that of the 
liver, rather than true differences in distribution. Histochemical 
methods might possibly establish this point. 

The physiological significance of deoxyribose phosphate 
aldolase has been somewhat doubtful in the past (2) since one 
of the substrates, acetaldehyde, had to be supplied in high 
concentration. However acetaldehyde, in concentrations equiv- 
alent to the hexose diphosphate, sufficed in the tumor systems to 
obtain sustained deoxyribose phosphate synthesis. Although 
acetaldehyde or an activated derivative has to be postulated in 
the metabolic pathways of pyruvic acid, its existence in free 
form had not been demonstrated in mammalian metabolism. 
A pyridoxal phosphate-dependent aldolase that reversibly forms 
glycine and acetaldehyde from threonine was first described by 
Braunshtein and Vilenkina (17) and recently studied in detail 
by Karasek and Greenberg (18) and Gilbert (19). The enzyme 
was found to be present in tumor supernatant fractions, and 
deoxyribose phosphate synthesis comparable in rates to those 
obtained with acetaldehyde has been obtained if acetaldehyde 
was replaced by equimolar concentrations of threonine in the 
presence of pyridoxal phosphate. Thus, deoxyribose phosphate 
synthesis occurred by the interaction of three aldolases with 
hexose diphosphate and threonine as the sole substrates. The 
observations that deoxyribose phosphate aldolase can be coupled 
to the threonine aldolase system and that it responds to the 
stimulus of liver regeneration, strengthen the case for a physio- 
logical role for deoxyribose phosphate aldolase. The incorpora- 
tion of 2 and 3 carbon precursors into the deoxyribose moiety 
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indicated by isotope experiments (4-6) do not indicate the 
actual pathway of these precursors, but the results obtained are 
not in conflict with a role for deoxyribose phosphate aldolase for 
this incorporation. 

Decreased ability to metabolize deoxyribose phosphate has 
been found in all the tumors investigated. Although in the 
presence of substrates for synthesis deoxyribose phosphate 
accumulates in the tumor system, this does not indicate a 
qualitative difference between normal and malignant tissue, 
since in the absence of substrates for synthesis deoxyribose 
phosphate can be metabolized by tumor systems to some extent. 
Since a complex of probably simultaneous reactions is involved 
in the metabolism of deoxyribose phosphate, the individual 
reactions will have to be clarified, before the over-all changes 
observed in tumors can be classified as quantitatively or qualita- 
tively different. 


SUMMARY 


The synthesis of deoxyribose phosphate from glyceraldehyde- 
3-phosphate and acetaldehyde (deoxyribose phosphate aldolase) 
has been measured in normal and regenerating liver and in 
malignant tissue. In normal liver, deoxyribose phosphate 
reaches a peak in about 30 minutes but subsequently disappears 
within 60 minutes. The physiological growth stimulus of liver 
regeneration increases both synthesis and disappearance of 
deoxyribose phosphate 2- to 3-fold. In contrast, the synthetic 
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reaction, in transplanted and induced hepatoma and in three 
other tumors, proceeds at a rate 2 to 3 times faster without any 
indication of disappearance of deoxyribose phosphate even after 
incubation for 3 hours. 

With normal liver, the synthetic capacity is found primarily 
in the nuclear fraction (precipitated at 600 x g), whereas the 
disappearance of deoxyribose phosphate occurs primarily in the 
supernatant fraction obtained at 80,000 x g. With the hepa- 
toma, most of the increased synthetic activity is found in the 
fraction not precipitated at 80,000 x g whereas the activity for 
deoxyribose phosphate disappearance is of such low order that 
it can be demonstrated only in the absence of substrates for 
deoxyribose phosphate synthesis. 

In supernatant fractions of normal liver, the reactions leading 
to the disappearance of deoxyribose phosphate can be separated 
from deoxyribose phosphate aldolase. This activity is lost on 
dialysis but can be reactivated by the addition of boiled liver. 
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Chemistry of s-Heparin (Chondroitinsulfuric Acid-B)*t 
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The presence in pig skin of a mucopolysaccharide similar in 
composition to chrondroitinsulfuric acid of cartilage, but differing 
in optical rotation and solubility, was first reported by Meyer 
and Chaffee (1). A mucopolysaccharide with similar properties, 
isolated from tendon, heart valves, and aorta (2), was found to 
be resistant to testicular hyaluronidase. The name, chondroitin- 
sulfuric acid-B, is suggested in order to distinguish this compound 
from chondroitinsulfuric acid of cartilage. On fractionation 
of heparin obtained from beef lung, Marbet and Winterstein (3) 
isolated a compound with composition and properties similar to 
that of chondroitinsulfuric acid-B. This substance, termed 
6-heparin, was shown to have anticoagulant properties (3, 4). 
Subsequently, Smith and Gallop (5) isolated from hog gastric 
mucosa a polysaccharide (polysaccharide B) with similar proper- 
ties. The presence of this polysaccharide in rabbit and rat skin 
was established by Schiller et al. (6). Dorfman and Lorinez (7) 
have found that large amounts of this compound are excreted in 
the urine of patients with the Hurler syndrome. 

These diverse observations indicated the existence in mam- 
malian tissues of a sulfated acid mucopolysaccharide with a 
composition similar to that of chondroitinsulfuric acid of car- 
tilage, but distinguished by other properties. These include 
optical rotation, solubility of salts, color yield by the carbazole 
reaction, and anticoagulant properties. Grossman and Dorf- 
man (8) showed that 6-heparin surpasses heparin in antithrombic 
potency at low thrombin concentrations, but has little or no 
antithrombic properties at high thrombin concentrations. Chon- 
droitinsulfuric acid of cartilage is devoid of antithrombic activity. 

In view of the widespread occurrence of this compound and 
the nature of its biological activity, a detailed study of its 
chemical properties has been undertaken. While this work 
was in progress, Hoffman et al. (9) reported that chondroitin- 
sulfuric acid-B from hog skin contains iduronic acid. Also 
reported was the isolation of two disaccharides, one containing 
iduronic acid and the other containing glucuronic acid. Cifonelli 
et al. (10) established the presence of t-iduronic acid and in- 
dicated that the L-iduronic acid was linked to the galactosamine 


* This work was supported by grants from the National Heart 
Institute, United States Public Health Service (H-311), and the 
Chicago Heart Association. 

+ A preliminary report of this work was presented at the meet- 
ing of the American Society of Biological Chemists, Chicago, 
Illinois, April, 1957. 

1 At the time of the International Congress of Biochemistry in 
Brussels in 1955, Dr. H. Masamune suggested that a polysaccha- 
ride isolated from skin contained a uronic acid other than p-glu- 
curonic acid. He tentatively had identified this as galacturonic 
acid by colorimetric method. 
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by a 1,3 linkage. It is the purpose of this communication to 
present detailed evidence of these conclusions together with 
further information regarding the chemistry of this mucopoly- 
saccharide. 

Considerable confusion exists regarding the nomenclature of 
this substance. Neither chondroitinsulfuric acid-B or 8-heparin 
seem appropriate names since it is now apparent that this 
compound is neither an isomer of chondroitinsulfuric acid of 
cartilage nor of heparin. In this discussion the term 6-heparin 
has been employed since the starting material was that obtained 
from Dr. A. Winterstein. 


EXPERIMENTAL 


Methods and Materials 


L-Iduronic acid was obtained from Dr. M. L. Wolfrom. 
Isopropylidene idopyranose was a gift of Dr. H. S. Isbell. 
Idonolactone was supplied by Dr. T. Reichstein and idosan 
triacetate, as well as altrosan and gulosan, were gifts from Dr. 
N. K. Richtmyer. 

Hexosamine determinations were carried out by the Elson- 
Morgan method as modified by Boas (11), after hydrolysis for 
14 hours with 4 n HCl. Uronic acid was determined by the 
Dische method (12). Nitrogen was determined by a micro- 
Kjeldahl method and the N-acetyl content by a colorimetric 
method? 

Purification of B-Heparin—1 volume of a 1 per cent solution 
of B-heparin was mixed with 0.1 volume of saturated NaOH 
and 0.8 volume of qualitative Benedict’s solution. The mixture 
was shaken intermittently for 15 minutes and centrifuged. The 
supernatant fluid was decanted, neutralized with acetic acid, 
and dialyzed. The copper-containing precipitate was washed 
with 2 n NaOH containing 0.5 volume of Benedict’s solution 
and was dissolved in a minimum amount of dilute acetic acid 
and precipitated with 4 to 5 volumes of glacial acetic acid. 
After it was dissolved in H,O, the solution was passed over a 
Dowex 50, H+ column (a 2.2 X 5 cm. column of 200 to 400 
mesh 8X resin was used for 200 mg. of 6-heparin). The effluent 
was neutralized with 10 per cent NaOH, concentrated to a small 
volume, and precipitated with 2 volumes of ethanol. The 
precipitate was washed with ethanol and ether and dried in a 
vacuum desiccator. Approximately 70 mg. of purified sub- 
stance was recovered from 100 mg. of starting material. 

When the dialyzed supernatant fraction (from the copper 
precipitation) was passed over a Dowex 50, H+ column and 
precipitated with ethanol, about 15 mg. of material was ob- 


2 J. Ludowieg, unpublished results. 
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TasBLeE I 
Analyses of fractions separated by alkaline copper precipitation 





Precipitate Supernatant fraction 





molar ratio* molar ratio* 








ES yo kona. gore 1.00 1.00 
| ar 0.40 0.95 
CS a See ee 1.02 1.02 
a eee ae 0.92 0.92 





* All analyses are expressed as molar ratio with hexosamine 
arbitrarily taken as 1.00. 
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LON HCI 
ISHOURS 
Vv 
HYDROLYSATE (A) 
NORIT 
ETHANOL 
ELUATES (C) EFFLUENT (B) 
(HEXOSAMINE) 
DOWE X-50 
LON HCl 
EFFLUENT (Cl) ELUATE (C2) 
(URONIC ACID) (OLIGOSACCHARIDES) 


Fic. 1. The method of separation of the products of hydrol- 
ysis of §-heparin. 


tained. This exhibited a specific rotation, [a]? + 4° (C1) 
which was increased to +10° when the above procedure was 
repeated. 

Table I indicates a comparison of the properties of the two 
polysaccharides separated by the copper procedure. It will be 
noted that the compound in the supernatant fraction does not 
exhibit the low carbazole value observed for the precipitated 
polysaccharide. The nature of the former substance is now 
under investigation. That it is not chondroitinsulfuric acid of 
cartilage is indicated by the positive optical rotation and re- 
sistance to testicular hyaluronidase. 

The polysaccharide recovered from the copper precipitate 
exhibits an optical rotation of [a]?> — 85° (C1) on an anhydrous 
basis. It is not attacked significantly by testicular hyaluroni- 
dase. 

Hydrolysis of Purified B-Heparin—Fig. 1 indicates the pro- 
cedure used for isolation of products of 6-heparin. A 1 per 
cent solution of purified B-heparin in 1 N HCl was heated in a 
boiling water bath for 1.0 hour. The hydrolysate (A) was 
adjusted to pH 5.6 with 10 per cent NaOH and passed over a 
pad of acid-washed Norit with a 5.5 1.5 em. layer for 500 
mg. of polysaccharide (flow rate, 1 ml. per minute). The 
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charcoal was washed with H,O until no hexosamine emerged. 
The effluent (B) contained free hexosamine and a small amount 
of free uronic acid. The charcoal was eluted successively with 
5, 25, and 50 per cent ethanol. Analyses of the eluates (C) 
are shown in Table II. The alcohol eluates were fractionated 
further. After removal of the ethanol they were passed over a 
Dowex 50, H+ column to give an effluent fraction (C1) con- 
taining free uronic acid and an oligosaccharide fraction (C2) 
obtained by elution of the column in the cold with 1 n HCl. 
The oligosaccharide fraction, after neutralization with 1.0 n 
NaOH, was adsorbed on Norit and washed with H.O to remove 
salts. The charcoal was eluted by shaking with hot 50 per 
cent ethanol. 

Reduction and Identification of Iduronic Acid—The uronic 
acid isolated by means of Dowex 50, H+, was streaked on What- 
man No. 3 filter paper and developed with tert-amyl alcohol, n- 
propanol, and H,O (4:1:1). The principal component migrated 
most rapidly, although a smaller amount of slowly moving com- 
ponent was present. This pattern was similar to that found for 
an authentic iduronic acid-iduronolactone equilibrium mixture. 
The area thought to contain the lactone was eluted with H.O 
and the eluate passed over a small column (approximately 1 X 1 
cm.) of acid-washed Norit. After washing with H,0, the lactone 
was eluted with 5 per cent ethanol. This eluate was evaporated 
to dryness in vacuo, yielding a compound with a rotation, 
[a]? + 30° (H:O; C1). Figs. 2 and 3 indicate the chroma- 
tographic behavior of this substance as compared with glu- 
curonolactone, galacturonic acid and known L-iduronic acid in 
two different solvent systems. The unknown (AN-X-9) be- 
haves exactly as does authentic L-iduronic acid. 

The product so obtained and a sample of L-iduronic acid were 
treated in parallel by the following procedure. The esterified 
uronide was prepared by heating 2 mg. of material with 1 ml. 
of 2 per cent methanolic HCl at 100° for 2 hours in a sealed 
tube. This was reduced with 5 mg. of sodium borohydride 
buffered with borate to give an initial pH of approximately 4.5 
(13, 14). The reduced product was freed of ions by successive 
passage over Dowex 50, H+, and Dowex 1, COs, resins. The 
concentrated effluent was chromatographed on paper and after 
being sprayed with ammoniacal silver solution two spots were 


TaBLeE II 
Analyses of fractions obtained following partial hydrolysis 














| Hexosaminet 
| Uronic acid* ae 
dons Hydrolysis 
pg./ml. pg./ml. pg./ml. 

Original hydrolysate..... 93 117 154 0.90 
ESS Pe ee EN Sera 5 108 1.35 
eee ae 27 19 57 0.35 
25% ethanol............. 62 55 
50% ethanol............. 38 3 22 

















* By the Dische carbazole method (12). 

t Values calculated on the basis of optical density at 540 my 
compared with a standard curve for glucosamine (11). 

t Ratio of optical density at 540 to 510 my in Boas procedure. 

§ Boas procedure carried out without further hydrolysis of 
samples. 
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ETHYL ALCOHOL 4:2:13:0.5 


Fig. 2. The chromatographic behavior of the uronic acid iso- 
lated from B-heparin compared with known uronic acids. 
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Fic. 3. The chromatographic behavior of the uronic acid iso- 
lated from 8-heparin compared with known uronic acids. 
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regularly observed. When either substance was eluted from 
the chromatogram and reapplied to paper, two spots again 
appeared, indicating interconversion (15, 16). The faster 
moving spot coincided in mobility with idosan as obtained from 
the catalytic deacetylation with sodium methoxide of idosan 
triacetate, whereas the slower moving spot coincided with the 
principal substance obtained by hydrolysis for 2 hours of iso- 
propylidene idofuranose with 0.1 N H»SO, or Dowex 50, H*. 
It was possible to separate idose from idosan by means of an 
acid-washed Norit column. Idosan is retained by the column 





but can be eluted by 5 per cent ethanol. Sorbose was not 
2 ee) 
oO 
uw 7 ye) us 
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DESCENDING CHROMATOGRAPHY 
SOLVENT 
tert -AMYL ALCOHOL: H,0: n- PROPYL ALCOHOL: 
ETHYL ALCOHOL 4:2:13:0.5 


Fic. 4. Chromatographic behavior of reduction products of 
uronic acid obtained from B-heparin. 


detected when the paper was sprayed with a urea-phosphoric 
acid reagent (17) although, after the reduced products were 
kept for several days, faint ketose spots were noted on the 
chromatograms (18) and occasionally a third spot with a mobility 
similar to iditol was noted. Fig. 4 indicates the chromato- 
graphic behavior of the reduced substance as compared with 
that obtained from known iduronic acid and with glucose, 
galactose and mannose. 

After reduction of the uronic acid with unbuffered sodium 
borohydride (19) an acid lactone moving on paper (Fig. 5) 
similar to idonolactone was obtained. This was visualized on 
paper by a ferric chloride-hydroxamic acid reagent (20). Iditol 
could also be isolated from the reduction products with Dowex 1, 
OH- (Fig. 5). The substance which migrated similarly to 
iditol did not give a Molisch reaction and was nonreducing 
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(21). Formaldehyde could be detected by the chromotropic 
acid reagent (22) following treatment with periodate. No 
ketose was found on a paper chromatogram sprayed with the 
urea-phosphoric acid reagent. A summary of the reactions 
used for identification is shown in Fig. 6. 

Identification of Hexosamine—Free hexosamine was present in 
relatively large amounts in the effluent fraction after passage of 
the B-heparin hydrolysate over a Norit column. Purification 
was achieved by adsorption on Dowex 50, H+, and elution with 
0.3 Nn HCl. The hexosamine was converted to pentose and 
identified by paper chromatography according to the method of 
Stoffyn and Jeanloz (23). Only lyxose was present, confirming 
previous reports (3, 4, 9). 

Properties of Disaccharide—Final purification of the oligo- 
saccharide fraction was accomplished by means of chroma- 
tography on Whatman No. | filter paper using as solvent tert- 
amyl alcohol, 2-propanol, and H,O (4:1:1.5). The principal 
fraction which moved more slowly than glucosamine could be 
demonstrated with ninhydrin. The optical rotation of this com- 
pound was [a]? +38° (C1). When the material obtained by 
elution was analyzed (without further hydrolysis) by the Elson- 
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Chemistry of B-Heparin 
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Morgan method, the product obtained showed an absorption 
maximum at 510 my and a ratio of absorbancy at 540 muy, to 
that at 510 my, of 0.35. This behavior has been found previ- 
ously to be characteristic of 3-substituted hexosamines (24). 
After hydrolysis the ratio, 540 my to 510 my, rose to 1.35, indi- 
cating hydrolysis of the 3-linkage. Foster et al. (25), by use of a 
somewhat different method, have also noted a difference in 
behavior of 3-substituted hexosamines in the Elson-Morgan 
reaction. The absorbancy at 540 my before hydrolysis is 0.37 
of that obtained after hydrolysis. This indicates the presence 
of a disaccharide, since a larger oligosaccharide would give an 
even lower color yield before hydrolysis. The behavior of the 
compound before and after hydrolysis in the Elson-Morgan 
reaction is strongly suggestive of a uronosyl-(1—+3)-hexosamine 
structure. Further evidence that the hexosamine-reducing 
group is free was obtained by the demonstration of the dis- 
appearance of the Elson-Morgan reaction following treatment 
with ninhydrin. 

Reduction and hydrolysis of the disaccharide gave products 
similar to those obtained from free iduronic acid. The low 


carbazole value is characteristic of iduronic acid (9) and has | 
been reproduced with authentic iduronic acid. No evidence | 


was obtained for the presence of glucose, indicating little if any 
contamination with a disaccharide containing glucuronic acid. 
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This is in contrast to the report of Hoffman et al. (9). Ina 
later publication these authors (26) have indicated that their 
skin chondroitinsulfuric acid-B may be mixed with another 
polysaccharide containing glucuronic acid. 


DISCUSSION 


6-Heparin is hydrolyzed more easily than hyaluronic acid or 
chondroitinsulfuric acid of cartilage (4, 24) and produces at an 
early stage of hydrolysis much more free hexosamine and uronic 
acid than the two other mucopolysaccharides. These results 
make it possible to separate readily the uronic acid constituent 
from 6-heparin. Hydrolysis of the mucopolysaccharide for 1.0 
hour with 1 nN HCl yields approximately 50 per cent mono- 
saccharides and 50 per cent oligosaccharides. These conditions 
were found to produce maximal amounts of deacetylated oligo- 
saccharides. 

The uronic acid component was identified as iduronic acid 
by conversion to reduction products as shown in Fig. 6. The 
specific rotation of +30° indicates the L-isomer (27). These 
data support the earlier suggestions that 6-heparin and chon- 
droitinsulfuric acid-B obtained from connective tissue are 
identical. No evidence of the presence of glucuronic acid was 
found in the free uronic acid fraction from the §-heparin hy- 
drolysate. 

The oligosaccharide fraction obtained from partially hy- 
drolyzed B-heparin consisted of material having hexosamine at 
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the reducing position. Application of the Elson-Morgan re- 
action to this fraction gave a reaction product with an absorption 
maximum at 510 my instead of at 540 my as given by glucos- 
amine. This maximum was previously noted for 3-substituted 
hexosamine-containing compounds (24). After complete hy- 
drolysis of the oligosaccharide, the absorption spectrum is 
similar to that for glucosamine or galactosamine. 

The localization of uronosy] linkage on C-3 of the hexosamine 
indicates a similarity in structure to hyaluronic acid and chon- 
droitinsulfuric acid of cartilage, both of which have been shown 
to have a 3-substituted hexosamine structure (28, 29). 

Further specification of the structure of 8-heparin is suggested 
by the findings of Stoffyn et al. (30). On the basis of methyla- 
tion studies these authors suggest that the sulfate group cannot 
be linked to the C-6 of the hexosamine. In view of the results 
reported here, the sulfate can only be placed on C-4 if it is on 
the hexosamine. A similar suggestion has been made by 
Mathews (31) on the basis of infrared data. 


SUMMARY 


1. A method has been described for the purification of B- 
heparin. 

2. The uronic acid of this polysaccharide has been char- 
acterized as L-iduronic acid. 

3. The t-iduronic acid has been shown to be linked to the 
galactosamine by a 1,3 linkage. 
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The Effect of N-Acetylglucosamine and Glucosamine on 
Carbohydrate Metabolism in Rat Liver Slices 
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Little is known about the characteristics of the enzyme 
responsible for the phosphorylation of glucose in liver. At- 
tempts to measure the activity of such a hexokinase have 
yielded low or variable results and have in general been unsatis- 
factory (1-4). 

In order to compare this enzyme with other hexokinases that 
have been studied more thoroughly, the metabolism of glucose 
and fructose by liver slices was studied in the presence of varying 
concentrations of either N-acetylglucosamine or glucosamine. 
These compounds have been shown to be competitive inhibitors 
of glucose phosphorylation by a group of nonspecific hexo- 
kinases present in a number of animal tissues and microorganisms 
(5-12). Similarly, in the present study the incubation of these 
compounds with liver slices produced a marked competitive 
inhibition of glucose utilization. Since Cahill e¢ al. (13) have 
recently shown that the liver is freely permeable to glucose, it 
is suggested that this inhibition is exerted on the phosphoryla- 
tion of glucose by a nonspecific hexokinase. 

In addition to the inhibition of glucose utilization, these 
substances produced alterations in fructose metabolism. A 
striking similarity is noted between the changes occurring in 
the presence of these inhibitors and those seen in diabetic liver 
slices (14, 15). 


MATERIALS AND METHODS 


Male albino rats of the Wistar strain weighing between 250 
and 450 gm. were used. They were fed Purina chow ad libitum. 
Liver slices, about 1 gm. per flask, were incubated for 90 min- 
utes in 12 ml. of a high potassium medium at 37.8°. The ionic 
composition of the medium in millimoles per liter was K~ 110, 
Mg~ 20, Ca~ 10, HCO;7 40, and Cl- 130. The solutions were 
equilibrated with 5 per cent CO2-95 per cent Oc, giving a pH 
of 7.4 in the presence of liver slices. Glucosamine was added 
to the medium as the hydrochloride and the pH was kept at 
7.4 by appropriately decreasing the HCl added in the prepara- 
tion of the medium. Glucose-U-C™ (uniformly labeled glucose), 
fructose-U-C™, glucosamine hydrochloride (Eastman Kodak 
Company), and N-acetylglucosamine (Nutritional Biochemicals 
Company) were added to the medium in the concentrations 
indicated with each experiment. 

Except where noted, the techniques of slicing and chemical 
and isotopic analyses were similar to those described previously 


* Aided by a postdoctoral fellowship grant from the American 
Cancer Society. Present address, The Robert W. Lovett Memo- 
rial Laboratories, Massachusetts General Hospital, Boston, Mas- 
sachusetts. 


from this laboratory (14, 16, 17). Utilization of the sugars 
was determined from the difference in concentration of initial 
and final samples of the incubation medium after deproteiniza- 
tion by the method of Somogyi (18). Glucosamine was deter- 
mined by the Boas modification (19) of the Elson-Morgan 
method, the amino sugar being separated from the neutral 
sugars on a Dowex 50 cation exchange column. N-acetyl- 
glucosamine was measured by a modification of the method of 
Morgan and Elson (20) and fructose by a modification of the 
resorcinol method of Roe (21). Glucose was determined with 
the anthrone reagent of Roe (22), correcting for fructose when 
present. Glucosamine and N-acetylglucosamine did not react 
with either the resorcinol or anthrone reagents. 

Calculations were performed as previously described (16, 23), 
and were expressed as micromoles per gm. of wet liver per 90 
minutes. 


RESULTS 


Effect of N-Acetylglucosamine and Glucosamine on Glucose 
Metabolism—The effect of varying concentrations of these two 
compounds on the conversion of labeled glucose to glycogen and 
CO, is shown in Fig. 1A and B. It will be noted that both 
compounds produced a maximum inhibition of about 95 per 
cent in glucose conversion to glycogen, but of only about 75 
per cent in the conversion of glucose to COs. Inhibition was 
already evident at 0.5 wmoles per ml. of glucosamine, which 
represents an inhibitor to substrate ratio of 1:40, and at 4 
umoles per ml. of N-acetylglucosamine, which represents a ratio 
of 1:5. However, in another experiment, inhibition was evident 
with 4 umoles per ml. of N-acetylglucosamine in the presence of 
60 umoles per ml. of glucose, giving a ratio of inhibitor to sub- 
strate of 1:15. It will be noted that glucosamine is the more 
potent inhibitor for both glycogen and COs. Fatty acid syn- 
thesis is reduced to very small or undetectable levels in the 
presence of either glucosamine or N-acetylglucosamine (Table 
II). 

Competitive Aspect of Inhibition by N-Acetylglucosamine and 
Glucosamine—The effect of the concentration of glucose on the 
formation of glycogen and CO, was determined both with 
substrate alone and in the presence of a fixed concentration of 
inhibitor. The results were plotted in Figs. 2 and 3 according 
to Lineweaver and Burk (24). The common intercepts on the 
1/V axissuggest that the inhibition by both N-acetylglucosamine 
and glucosamine of glycogen and CO, formation is competitive 
in nature. The calculated average K,, for glucose from these 
plots is 5.9 X 10-? m while the K; for N-acetylglucosamine is 
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5.1 X 10-* m and the K; for glucosamine is 2.6 X 10-* m. Little 
importance is attached to the absolute value of these constants 
in view of the great complexity of the system studied. 

Effect of N-Acetylglucosamine and Glucosamine on Fructose 
Metabolism—Tables I and II summarize the effect of varying 
concentrations of these sugars on the metabolism of labeled 
fructose present in a concentration of 20 wmoles per ml. In 
the presence of either N-acetylglucosamine or glucosamine there 
was a pronounced decrease in the conversion of fructose to 
glycogen, which was, however, smaller than the decrease in the 
conversion of glucose to glycogen. However, fructose uptake 
in the presence of N-acetylglucosamine was completely un- 
affected, while fructose uptake with glucosamine present was 
inhibited only about 30 per cent. The decrease in CO, forma- 
tion caused by N-acetylglucosamine was very small, while the 
reduction in CO, in the presence of glucosamine was probably 
mostly accounted for by the somewhat decreased fructose 
uptake. The decrease in fatty acid synthesis from fructose was 
several-fold greater than the reduction in CO, formation at the 
same concentration of either inhibitor (Table II). At higher 
concentrations of either N-acetylglucosamine or glucosamine 
this inhibition of fatty acid synthesis was almost complete, yet 
the reduction in CO, formation remained small. 

In order to account for the marked decrease in the conversion 
of fructose to glycogen, despite little or no impairment in fructose 
uptake, the conversion of fructose to free medium glucose was 
determined in several experiments in a manner previously 
described (23). The glucosamine present in the medium was 
removed on a Dowex 50 cation exchange column before the 
preparation of the osazone. When N-acetylglucosamine was 
present in the medium, the unlabeled glucosazone formed from 
it diluted the radioactive glucosazone. In order to correct for 
this dilution, an equivalent amount of N-acetylglucosamine was 
added to the medium of the uninhibited slices just before osazone 
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Fig. 1. The effect of N-acetylglucosamine (GNAc) and gluco- 
samine: (GN) on glycogen (@) and COs (O) formation from glu- 
cose by liver slices: A shows the effect of N-acetylglucosamine and 
B shows the effect of glucosamine. The concentration of glucose 
was 20 umoles per ml, The percentage of inhibition was calcu- 
lated from uninhibited slices from the same liver. The mean + 
the standard error of 12 uninhibited slices was: glucose to gly- 
cogen, 9.98 + 0.99, and glucose to COs, 3.04 + 0.30 uwmoles per 
gm. of wet liver per 90 minutes. 
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Fic. 2. Double reciprocal plot showing competitive inhibition 
by N-acetylglucosamine of A, glucose conversion to glycogen 
and B, glucose conversion to CO: by slices from the same liver. 
Velocity (V) is expressed as micromoles of glucose converted to 
glycogen or CO: per gm. of wet liver per 90 minutes. Substrate 
(S) is expressed as molarity of glucose. (@) substrate alone; 
(O) substrate plus 2 X 107? m N-acetylglucosamine. 
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Fig. 3. Double reciprocal plot showing competitive inhibition 
by glucosamine of A, glucose conversion to glycogen and B, 
glucose conversion to CO: by slices from the same liver. Velocity 
(V) and substrate (S) are expressed as in Fig. 2. (@) substrate 
alone; (O) substrate plus 5 X 10-3 m glucosamine; (X) substrate 
plus 1 X 10-* m glucosamine. 


formation. It was found that in the presence of N-acetylglucos- 
amine, the conversion of fructose to glucose was increased about 
one and one-half times, while with glucosamine present there 
was a 2.5- to 4-fold increase in this conversion. 

Estimated Glucose Phosphorylation in Presence of N-Acetyl- 
glucosamine or Glucosamine—In Table I data are presented which 
compare the effect of varying concentrations of these inhibitors 
on the metabolism of glucose and fructose incubated with slices 
from the same liver. From this the maximal glucose phos- 
phorylation was calculated in a manner previously described: 
(fructose uptake) xX (glycogen from glucose) /(glycogen from 
fructose) (23). Since the decrease in glycogen from fructose 
was less than that in glycogen from glucose, the calculated 
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TaB_Le I 


Effect of Hexosamines on Liver Slices 


Effect of N-acetylglucosamine and glucosamine on metabolism 
of glucose and fructose by rat liver slices 


The values are expressed as micromoles of glucose or fructose 


per gm. of wet liver per 90 minutes. 


present at a concentration of 20 umoles per ml. 


Glucose or fructose was 



























































| ! 
: Inhibitor Glucne to | Sreline to Phos. poy 
“Ne | omgiey | phon | Npiake | phos, 
ratio ation 
Glycogen 
N-acetylglucosamine 
LH-4 | None | 13.8 12.0 1.15 | 68 78 
10 4.04 (66)* 68 (0) 
20 1.93 (84) 70 (0) 
40 0.79 (94) | 1.78 (85) | 0.45] 69. (0) |31 (60) 
LH-19 | None | 8.86 11.1 0.80 | 92 74 
20 1.09 (88) | 2.15 (81) | 0.51 | 84 (9) /43 (42) 
30 1.84 (83) 82 (11) 
60 0.45 (95) | 2.38 (79) | 0.19 | 94 (0) |18 (76) 
Glucosamine 
LH-11 | None | 9.37 15.2 0.62 | 82 51 
5 1.25 (87) | 2.37 (84) | 0.53 | 52 (87)|28 (45) 
10 0.86 (91) | 2.29 (85) | 0.37 | 63 (22)/23 (55) 
20 1.86 (88) 58 (29) 
LH-17 | Nore | 9.95 13.1 0.76 | 104 79 
5 3.20 (76) 82 (21) 
10 2.63 (80) 78 (25) 
30 0.64 (94) | 1.74 (87) | 0.37 | 64 (38)|24 (70) 
LH-20 | None | 8.76 9.96 0.88 | 68 60 
20 1.90 (81) 52 (24) 
50 0.28 (97) | 1.26 (87) | 0.23 | 50 (26)|12 (80) 
80 0.23 (97) | 0.87 (91) | 0.26 | 45 (34))12 (80) 
Normal and diabetic ratst 
Type of ani- | 
mal 
Normal 9.10 10.6 0.86 | 70 60 
Diabetic 0.26 (97) | 1.56 (85) | 0.17 | 44 (37)| 7 (88) 

















* The figures in parentheses indicate the percentage of in- 
hibition. 
+ Values for these animals were previously reported (14). 


phosphorylation of glucose decreased with the increasing con- 
centration of inhibitor. 

Comparison of N-Acetylglucosamine and Glucosamine Inhibi- 
tion to Diabetic State—In Tables I and II the data from a series of 
diabetic and normal animals previously reported (14) are pre- 
sented to permit comparison between the alterations in liver 
metabolism seen in the insulin-deficient state with those ob- 
served when either N-acetylglucosamine or glucosamine is added 
to the medium of normal liver slices. From this comparison it 
becomes evident that there is a striking resemblance between 
the metabolic picture seen in diabetic liver slices and that ob- 
tained in normal slices in the presence of these hexokinase 
inhibitors. This is true for the metabolism of fructose as well 
as glucose. 

Effect of Glucose Concentration on Fructose Uptake—Liver 
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slices from diabetic animals show a decrease in fructose uptake 
of about 35 per cent, which is similar to the degree of inhibition 
of fructose uptake seen in normal slices in the presence of glu- 
cosamine (Table I). In order to clarify this inhibition, the fruc- 
tose uptake of normal liver slices was determined in the presence 
of varying concentrations of glucose and a fixed concentration of 
fructose. Fructose uptake was inhibited with increasing con- 
centrations of glucose to a maximum of about 30 per cent (Fig. 
4). It has been reported that neither glucose nor several other 
sugars tested inhibit the fructokinase of liver (4, 8, 25), nor does 
increased accumulation of fructose-1-phosphate exert such an 
inhibition (26). The decrease in fructose uptake of about 30 
per cent seen in the presence of glucosamine, high concentrations 
of glucose, or in insulin deficiency may be due to the elimination 
of that amount of the fructose phosphorylation which is handled 
by a nonspecific hexokinase, while the larger portion which is 
handled by a more specific fructokinase remains unaffected in 
these situations. 


Tasie II 
Effect of N-acetylglucosamine and glucosamine on metabolism of 
glucose and fructose by rat liver slices 
The values are expressed as micromoles of glucose or fructose 


per gm. of wet liver per 90 minutes. Glucose or fructose was 
present at a concentration of 20 ymoles per ml. 

































































er Glucose to | Fructose to | Glucose to | Fructose to 
Animal No. nbibitor 
| —— CO:2 Fatty acids 
N-acetylglucosamine 
| 
LH-4 None 3.80 7.62 0.73 0.99 
10 7.02 (8)* 0.85 (14) 
20 6.48 (15) 0.52 (47) 
40 0.99 (74)| 6.19 (19)} 0.05 (93)| 0.44 (56) 
LH-19 None 3.86 9.25 0.32 0.50 
20 1.73 (55)| 8.70 (6) | 0.03 (91)| 0.12 (76) 
30 8.18 (12) 0.17 (66) 
60 0.92 (76)| 8.89 (4) | 0.0 (100)) 0.04 (92) 
Glucosamine 
LH-11 None 2.40 8.31 0.58 0.67 
5 1.35 (44)) 6.03 (27)| 0.09 (84)] 0.32 (52) 
10 1.05 (56)) 5.79 (30)) 0.0 (100)| 0.21 (69) 
20 6.08 (27) 0.15 (78) 
LH-17 None 2.41 8.16 0.18 0.44 
5 6.83 (16)| 0.12 (73) 
10 5.42 (34)! 0.07 (84) 
30 0.73 (70)| 6.03 (26)| 0.0 (100)| 0.05 (89) 
LH-20 None 2.59 8.81 0.22 0.27 
20 6.58 (25) 0.02 (93) 
50 0.76 (71)| 6.68 (24)| 0.0 (100)| 0.01 (96) 
80 0.63 (76)| 5.24 (40)) 0.0 (100)| 0.0 (100) 
Normal and diabetic ratst 
Type of animal 
Normal 1.33 8.21 0.13 1.14 
Diabetic 0.39 (71)| 3.56 (57)| 0.0 (100)| 0.0 (100) 
| 








* The figures in parentheses indicate the percentage of inhibi- 
tion. 


t Values for these animals were previously reported (14). 
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Fic. 4. The effect of glucose concentration on fructose uptake 
by liver slices. Glucose was added in varying concentrations to 
the incubation medium of slices from two separate livers (@, O). 
The concentration of fructose was 20 zmoles per ml. 


Utilization of N-Acetylglucosamine and Glucosamine—The up- 
take of either amino sugar during a 90 minute incubation was 
so small that it could be accounted for by diffusion into the 
liver cell water alone. The average N-acetylglucosamine up- 
take was equivalent to diffusion into 0.76 ml. of water per gm. 
of liver, while the average uptake of glucosamine was equivalent 
to diffusion into 0.68 ml. of water per gm. of liver. When both 
an initial sample of liver and the liver at the end of incubation 
were homogenized in the incubation medium to exclude dis- 
appearance by diffusion into intracellular water, there was 
found to be no difference between initial and final samples. 
This indicates that both N-acetylglucosamine and glucosamine 
probably diffuse freely into the liver cell, as has been reported 
for other monosaccharides (13), but are not metabolized to an 
extent measurable by the methods used. When glucosamine 
was incubated with liver slices of fasted rats at a concentration 
of 50 wmoles per ml., no net glycogen synthesis was evident, 
nor was the glycogen level or the glucose present in the medium 
at the end of incubation different from control slices incubated 
without substrate. Under similar conditions glucose is known 
to cause a net increase in glycogen (27). Despite this evidence 
of negligible utilization of glucosamine and N-acetylglucosamine, 
the possibility existed that small amounts of NH; could be 
formed from them and be responsible for the inhibitory changes 
observed. This was excluded by finding no inhibition of glucose 
metabolism in the presence of NH,Cl over the tested range of 3 
to 24 wmoles per flask. 


DISCUSSION 


The data presented in this study show that both N-acetyl- 
glucosamine and glucosamine are strong competitive inhibitors 
of glucose utilization by liver slices. Several considerations 
suggest that this inhibition may be primarily on a nonspecific 
hexokinase of liver. The block in glucose utilization produced 
by these inhibitors appears to be at a stage before glucose-6- 
phosphate, since the formation of both glycogen and CO, is 
inhibited. A recent study by Cahill et al. (13) showed that the 
liver cell is freely permeable to glucose, as well as to several 
other monosaccharides tested. If free diffusion is the mode of 
entry of glucose into the liver cell, it is most unlikely that N- 
acetylglucosamine and glucosamine interfered with this primary 
process. The most likely alternative would be an inhibition 
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of glucose phosphorylation. Relevant to localizing the inhibi- 
tion to a hexokinase are the effects of these sugars on other 
hexokinases studied. Harpur and Quastel (5) first observed 
that glucosamine is phosphorylated by brain hexokinase and 
competitively inhibits glucose phosphorylation by that enzyme, 
while N-acetylglucosamine, even though not phosphorylated 
itself, also competitively inhibits this hexokinase. Inhibition 
by these sugars was also obtained by other investigators working 
on brain hexokinase (6, 8) and was found to be similarly true 
for numerous other hexokinases studied, including yeast (7, 8), 
intestinal mucosa (9), retina (12), Neurospora (10), and Locusta 
migratoria muscle (11). These nonspecific hexokinases are also 
alike in that they phosphorylate a similar group of sugars. 
Since there was no measurable utilization of either N-acetyl- 
glucosamine or glucosamine by liver slices in the present study, 
it is not likely that the decreased conversion of glucose to gly- 
cogen, CO», or fatty acids is the result of dilution by the meta- 
bolic products of these amino sugars, nor that sufficient amounts 
of the phosphorylated intermediates of these compounds would 
accumulate to serve as inhibitors. Moreover, in this regard, 
glucosamine-6-phosphate has been shown not to inhibit brain 
hexokinase (28) and N-acetylglucosamine has not been shown 
to be phosphorylated by any of the nonspecific hexokinases so 
far studied. 

The changes observed in the metabolism of fructose in the 
present study are consistent with an inhibition by N-acetyl- 
glucosamine and glucosamine on the hexokinase responsible for 
the phosphorylation of glucose. The marked decrease in the 
conversion of fructose to glycogen in the presence of these 
inhibitors, despite uninhibited uptake in the presence of N-acety]- 
glucosamine and only a slightly decreased uptake with glucos- 
amine, can be explained by the very active glucose-6-phosphatase 
present in liver which causes most molecules of glucose-6-phos- 
phate to be hydrolyzed to free glucose (15). Therefore, most 
of the fructose going to glycogen via glucose-6-phosphate would 
have to cycle first through free glucose. In the uninhibited 
slice this free glucose would be readily rephosphorylated, but in 
the presence of a hexokinase inhibitor, this process would be 
impeded, resulting in the trapping of the free glucose. This 
would explain the increased conversion of fructose to glucose 
observed in this study. Since some of the fructose reaching 
glucose-6-phosphate goes directly to glycogen without first 
cycling through free glucose, the inhibition of fructose con- 
version to glycogen is not as severe as that of glucose conversion 
to glycogen, resulting in a decrease in the maximal glucose 
phosphorylation calculated from the ratio of these two functions. 

Perhaps most striking of all the changes observed in the 
metabolism of fructose in the presence of N-acetylglucosamine 
or glucosamine was the marked decrease in fatty acid synthesis 
which was very much greater than any decrease in CO, forma- 
tion from fructose. While such a decrease in fatty acid syn- 
thesis from nonglucose precursors has been observed in liver 
slices from animals with decreased glucose utilization, such as 
in fasting or diabetes (29), in the present study the liver slices 
came from normal, fed animals, and the decrease in glucose 
utilization was only established in vitro by means of the in- 
hibitors used. Therefore, in the present study, at least, the 
decreased lipogenesis was not the result of an adaptive phenom- 
enon or of secondary hormonal influences. 

It is of interest to note that the changes in the metabolism of 
glucose as well as of fructose seen in this study in the presence 
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of the hexokinase inhibitors corresponded closely, in all aspects 
studied, to those of the insulin-deficient liver. In the presence 
of the inhibitors, as well as in diabetes, there was a relatively 
greater inhibition of the formation of glycogen than of CO, 
from glucose, and in both cases fatty acid synthesis was reduced 
to negligible amounts. Similarly, changes in fructose metab- 
olism occurred in both diabetic and inhibited slices, which are 
less obvious results of decreased hexokinase activity. Among 
these, the decrease in fructose to glycogen and fatty acids, as 
well as the increase in fructose to glucose, are the most striking. 
Because of the decreased lipogenesis from nonglucose pre- 
cursors in the diabetic liver, it has often been postulated that 
insulin has a direct action on fatty acid synthesis. It may be 
of relevance that in this study a pronounced inhibition of fatty 
acid synthesis from fructose occurred apparently in the presence 
of hexokinase inhibitors alone. 


SUMMARY 


The metabolism of glucose-C“ and fructose-C™ by rat liver 
slices was studied in the presence of N-acetylglucosamine and 
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glucosamine, which are known inhibitors of several nonspecific 
hexokinases. In the presence of either of these compounds 
there was a pronounced competitive inhibition of glucose con- 
version to glycogen and COn, as well as a decrease in fatty acid 
synthesis and in the calculated glucose phosphorylation. The 
synthesis of glycogen from fructose was markedly decreased, 
while the conversion of fructose to glucose was increased. Fatty 
acid synthesis from fructose was greatly impaired despite only 
slight changes in CO, formation or fructose uptake. There was 
no measurable utilization of N-acetylglucosamine or glucosamine. 

All the changes observed are consistent with an inhibition by 
these compounds of glucose phosphorylation by a nonspecific 
type of hexokinase. The striking similarity in every aspect 
studied of the metabolism of diabetic liver slices and slices in 
the presence of these inhibitors is discussed. 
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Thirteen amino acids, eight vitamins, and six ions have been 
shown to be essential for the survival and growth of a number 
of mammalian cell lines in monolayer culture (1-3). These 27 
essential factors, supplemented with glucose and serum protein, 
permitted the apparently indefinite propagation of all the cell 
lines tested. Glucose was known to be essential for the growth 
of cells in tissue explants (3); and as shown by experiments 
with C-labeled material, in a minimal medium embodying 
only the essential growth factors, it was used for the synthesis 
of the nutritionally nonessential amino acids, purines, pyrimi- 
dines, carbohydrates, and lipides of the cell. 

Fructose, maltose, and mannose have been found to substitute 
for glucose in studies in which the area of cellular outgrowth 
surrounding a tissue explant was used as a measure of cell multi- 
plication (4-7), as well as in dispersed cell cultures (8) (9). 
Conflicting results have, however, been obtained with p-galactose 
(4-10). Similarly, although p-ribose has been generally found 
to be inactive (7, 9, 10), variant strains of the HeLa cell have 
been isolated which are capable of growing on p-ribose in lieu of 
p-glucose (11). 

The present paper deals with the ability of a number of carbo- 
hydrates to support the growth of normal and malignant cell 
strains in the minimal growth medium outlined above. The 
active compounds differed widely not only with respect to the 
concentrations required for optimal growth, but also with respect 
to the amounts metabolized per unit cell growth, and the amounts 
of lactic acid concomitantly produced. Further, with any one 
substrate, the amount metabolized or glycolyzed increased with 
its concentration in the medium, and without necessary relation 
to the amount of new growth. In all these respects, no regular 
differences were found between cells deriving from normal and 
malignant tissues. 


METHODS 


Of the nine serially propagated cell lines used in the present 
experiments two were derived from normal adult human tissue 
(conjunctiva and liver (12)), three from embryonic human tissue 
(intestine (13), heart (14), and connective tissue, the latter 
isolated by Dr. A. Gray, Microbiological Associates, Inc.); 
three were cultures of human cancer (HeLa (15), KB (16) and 
H.Ep. 1 (17)); and one (strain L) was a culture of mouse fibro- 
blasts (18). The composition of the medium has been previously 
described (2), as have the methods used for cultivation and for 
the assay of growth-promoting activity (19). In the experi- 
ments in which the degree of utilization of the various sugars 


1 Unpublished observations. 
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was determined in relation to the concentration in the medium, a 
large number of replicate culture flasks were prepared, each 
inoculated with 2-5 x 10° cells; 24 hours later, after the cells 
had adhered to the glass, the medium was removed, the cells 
were washed, and the protein content of three to six replicate 
flasks was determined by a modification (19) of the colorimetric 
method of Lowry et al. (20). The medium in the experimental 
flasks was then replaced with media containing varying con- 
centrations of glucose, mannose, fructose, or galactose, three 
flasks being used at each concentration. The medium was 
replaced on the 2nd, 4th, 5th, and 6th days, and the supernatant 
fluids at each concentration were separately pooled and frozen. 
At the end of the experiment these pools were analyzed with 
respect to the concentration of carbohydrate remaining and the 
amount of lactic acid produced. The determination of the 
protein content of the cultures at the end of the experiment 
gave the amount of growth during the experimental period, 
expressed in the tables and figures as the total amount of cell 
protein in three replicate flasks. In several experiments the 
supernatant fluids collected during the period of growth were 
separately analyzed and the rate of growth was determined 
by daily analyses of replicate cultures. The bovine albumin 
equivalents of the cell protein as determined colorimetrically 
were converted to their cell protein equivalent by the appropriate 
experimentally determined factors. 

The concentrations of carbohydrate plotted in the several 
figures are those in the medium at the time of feeding. Since 
all four substrates were tested simultaneously, with the same 
cell inoculum, each experiment was self-contained, permitting a 
comparison between the substrates with respect to the several 
experimental parameters of carbohydrate utilization. Re- 
ducing sugars were determined in the neutralized protein-free 
filtrate (after precipitation with trichloroacetic acid at 10 per 
cent) by ferricyanide reduction (21). Lactic acid was assayed 
by the method of Barker and Summerson (22). a-Keto acids 
were measured by the dinitrophenylhydrazone method of 
Friedemann (23). 

Preparation of Cell-Free Extracts—Cells grown on the surface 
of 1 liter Blake bottles were washed two times with freshly 
prepared Krebs-Ringer salt solution, scraped into the salt 
solution, and disintegrated by sonic oscillation at 2-5° for 30 
to 40 minutes in a Raytheon 9 Ke oscillator. 

Assay of Hexokinase Activity—Hexose disappearance in ali- 
quots of the reaction mixture of Table V was determined after 
precipitation with ZnSO, and Ba(OH)>. In the control flask, 
substrate was added at the end of the incubation period, im- 
mediately before precipitation. 











RESULTS 


Growth Response to Hexoses, Pentoses, Disaccharides, and Phos- 
phate Esters—With only a few exceptions, the various cell strains 


TaBLeE I 
Ability of a variety of carbohydrates* and related compounds to 
substitute for p-glucose in cell cultures 
The compounds were tested at varying levels (0.5 to 50 mm) in 
a glucose-free but otherwise ‘‘complete”’ growth medium supple- 
mented with dialyzed serum. The letters in parentheses after 
each compound indicate the cell lines against which it was tested.t 





Compounds permittin 
growth at rate comparable 
with that on glucose 


Compounds which did not 


Compounds itting 
Ff bu 
support growth 


slight growt t less 
than with glucose 





Lactose (G, H, L, T) | Cellobiose (C, G, | Trehalose (C, G, H, 


Sucrose (H, L, T) H, K, M, T) K, M, T) 
Melibiose (C, G, | Turanose (C, G, H, 
p-Allose (G, T) H, K, M, T) K, M, T) 


p-Altrose (G, T) 
p-Galactose (L)f 


Sorbitol (all) 
p-Fructose (all) 


p-Galacturonic acid | p-Talose (G, T) p-Galactose (C, G, 
(K, T) p-Xylose (all) H, K, M, T)tf 
p-Gluconic acid (K, | p-Ribose (G, H, | p-Glucose (all) 
T) K)§ p-Glucose-1-PO, (H, 
Methyl-a-p - glucoside K, M) 
Methyl-8-p - glucoside p-Glucose-6-PO, (H, 
p-Glucuronie acid K, M) 


(K, T) 
p-Gulose (K, T) 
p-Mannitol (all) 
L-Rhamnose (K, T) 
L-Sorbose (all) 


p-Mannose (all) 


L-Arabinose (G) 

p-Arabinose (G) 

p-Lyxose (G) 

p-Ribose (C, L, M, 
T)§ 

Xylitol (G) 


p-Erythrose (H, L) 
Acetate (H, L, T) 
Citrate (H, L, T) 
Fumarate (H, L, T) 
Glycerol (H, L, T) 
Lactate (H, L) 
Malate (H, L, T) 
Phosphoglycerate 
(H, K) 
Pyruvate (all) 
Succinate (H, L, T) 











* We are indebted to Dr. Nelson K. Richtmyer for the provision 
of some of the less common sugars here tested. 

+ C = conjunctiva; G = intestine; H = HeLa; K = KB; L = 
mouse fibroblast; M = human fibroblast; T = liver cell (cf. page 
551). 

t Variable results were obtained with galactose, both with 
respect to the concentrations required for optimal growth and 
the rate of growth at that optimal level; and the mouse fibroblast 
regularly failed to respond. The addition of pyruvate materially 
modified the growth response to galactose (cf. text). 

§ p-Ribose alone permitted the growth of only a fraction of the 
cell lines tested, and was effective only within a narrow concen- 
tration range. The growth response to ribose was, however, 
materially modified by the addition of pyruvate (cf. text). 
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Taste II 

Glucose-sparing action of added pyruvate (1 mm) in HeLa cell 

cultures and its failutre to affect either the total utilization of 

glucose or lactic acid formation 

Replicate cultures of HeLa cells were prepared in T-15 flasks. 
24 hours later, after the cells had adhered to the glass, the super- 
natant fluid was withdrawn and replaced with the various ex- 
perimental mixtures, three cultures being used for each. The 
cultures were re-fed on the 2nd, 4th, 5th, and 6th days, the super- 
natant fluids from each group of flasks were pooled, and the ex- 
periment was terminated on the 7th day. The analytical values 
given in the table are the sum of the three replicate flasks. The 
cell protein at the time of the first feeding was 0.54 mg. 




















| Cell protein after 7 Total glucose Total lactic acid 
Concen- days metabolized forme 
: ee -— “f 
a... TF Prem TOP om e pyruvate | I + pyruvate 
mM mg. pmoles pmoles 
0.1 0.19 0.50 4.5 4.5 6.7 
0.2 0.42 2.15 7.6 9.0 12.1 7.3 
0.5 1.08 2.61 19.4 22.5 21.4 12.2 
1 2.49 3.42 43.7 | 45.0 34.2 30.5 
2 3.88 4.31 84.2 82.4 81.1 96 
5 4.16 4.40 136 120 | 163 131 
10 4.08 | 4.11 | 162 135 | 164 130 
20 4.52 4.25 156 | 172 155 129 








showed a similar qualitative growth response to the various 
compounds tested. A number of compounds were wholly in- 
effective, i.e. they did not permit either the growth or survival 
of any of the cell lines when substituted for glucose (Table I). 
All the citric acid cycle intermediates tested fell into this cate- 
gory, as did a number of pentoses, hexoses, and disaccharides. 

The compounds which regularly permitted cell growth and 
multiplication when substituted for glucose (Table I) included 
two disaccharides (trehalose, turanose), three hexoses (p-fructose, 
p-galactose, D-mannose), and two phosphate esters (p-glucose-1- 
phosphate, p-glucose-6-phosphate). As shown in Table II 
and Fig. 1, there were significant differences in the optimal 
concentration of the effective compounds; they differed to a 
lesser degree with respect to the rate of growth at that optimal 
level.” 

1. Glucose and mannose were essentially equally active, both 
in terms of the concentrations required for optimal growth 
(2 mm) and the rate of growth at that optimal level. 

2. Six of the seven cell lines tested (Table I) were usually 
capable of utilizing galactose in lieu of glucose. However, 
for reasons which are not yet clear, the growth response to ga- 
lactose was highly variable. In some experiments it was even 
more effective than glucose, in that significantly smaller con- 
centrations sufficed for optimal growth; in other experiments 
with the same cell strain, it was effective only at relatively high 
levels. Similarly, although the rate of growth was often equal 
to that observed with glucose, in others it was unpredictably low. 

The addition of 1 mm pyruvate, which in itself did not sub- 
stitute for glucose, made the growth response to galactose more 
reproducible; the rate of growth was increased; and smaller 
concentrations of galactose were effective (Fig. 2). Chang and 
Geyer (9) have also noted that galactose and pyruvate act 


2 With none of the substrates here tested was there an initial 
lag indicative of adaptation prior to the initiation of growth. 
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INITIAL CONCENTRATION OF CARBOHYDRATE 
IN MEDIUM (mM) 


Fic. 1. The 6 to7 day growth response of the KB cell to a 
number of carbohydrate substrates. J, galactose; J7, mannose; 
III, glucose; IV, fructose; V, trehalose; V7, turanose; and VJJ/, 
sorbitol. 
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Fic. 2. The stimulatory effect of pyruvate on the growth 
response of the KB and HeLa cells to p-galactose. Galactose 


alone: HeLa, A; KB, O. Galactose + 1 mm pyruvate: HeLa, 
A; KB, @. 








together in substituting for glucose. Added pyruvate (1 mm) 
had only a slight effect on the growth response to glucose, mani- 
fested by a decrease in the minimal effective concentration of 
the latter. At this level it did not significantly affect either 
the amount of glucose metabolized or the amount of lactic acid 
formed (Table II). 

3. Consistently higher concentrations of fructose than of 
glucose were required for optimal growth, the ratio varying from 
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2- to 20-fold with individual cell lines. At those optimal 
concentrations, however, the rates of growth were essentially 
the same as with glucose. 

4. Both glucose-1-PO, and glucose-6-PO, were as active as 
glucose, indicative either of their ready transport into the cell, 
or dephosphorylation prior to transport. 

5. Much higher concentrations were required of turanose than 
of glucose, but at those higher concentrations there was a satis- 
factory growth response. 

6. At relatively high concentrations several compounds (p-ta- 
lose, D-xylose, sorbitol) permitted slight initial growth with some 
of the cell lines tested, but not all (Table I). The results with 
cellobiose and melibiose at the 50 mm level, involving survival 
rather than growth, were of equivocal significance. With these 
compounds, active at only extremely high concentrations, and 
then to a limited degree, the possibility cannot be excluded 
that the partial effects illustrated in Fig. 1 may have been due 
to contamination with other, more active sugars. 

7. Contrary to previous reports (7, 9, 10), in a glucose-free 
medium p-ribose had a limited but definite growth-promoting 
effect with some cell lines, evidenced only within a restricted 
concentration range (Table III). As in the case of galactose, 
the addition of 1 mm pyruvate regularly increased the magnitude 
of the growth response to ribose; it also broadened somewhat 
the range of concentrations within which ribose was effective 
(Fig. 3). In some cases, ribose and pyruvate together were 
effective when ribose alone failed to permit growth (cf. left hand 
section of Fig. 3). The growth response to ribose-5-phosphate, 
observed over a broader concentration range, was not at a 
quantitatively greater rate, and only those cell lines which grew 
with ribose responded to the phosphate ester. 

Efficiency of Utilization of Carbohydrates (Amount Metabolized 
per Mg. of Cell Protein Synthesized) and Its Relationship to 
Glycolysis—The four hexoses which regularly permitted the 
growth of most of the cell lines here tested (glucose, mannose, 
galactose, and fructose) differed markedly not only with respect 
to the concentrations required but also with respect to the amount 
metabolized per unit cell growth, and the amounts of lactic acid 
concomitantly produced. Qualitatively similar results were 
obtained with six different human cell lines, three deriving from 
normal tissue (conjunctiva, liver, heart) and three deriving 
from malignant tissue (HeLa, KB, and H.Ep. 1). 


TasBe III 


Partial growth response of representative cell lines 
to ribose and ribose-5-PO, 





Carbohydrate | Concentration of carbohydrate (mm) 


used and human 


1 : l | 
cell strain tested | 10 | 5 | 2 1 


| } 
Growth response* in 7 days 





0.5 | 02 | oO 





Ribose | 

KB.......|0.4 | 0.4¢| 2.7t| 4.2t| 0.8 |0.4 | 0.4 
Hela..... 0.4 | 0.6 |0.8 | s.2t| 8.9f | 0.7 
Intestine...|0.5 | 0.6 | 1.1 | 2.6¢| 2.1 | 0.6 | 0 
Liver...... 0.6 | 0.6 (0.6 | 1.3 | 1.4 | 0.6 | 6 
Ribose -5- PO, 
HeLa..... 2.7 | 3.1 | 2.9 | 2.2 | 0.29 / 0.32) 
Liver. ....: 3.8 | 3.6 | 2.5 1.9 {1.3 | 
KB.......| 0.85] 1.6 |9.8 | 9.0 | 2.1 | 0.77 














* Amount of cell protein after 7 days, referred to inoculum as 1. 
+ Optimum response. 
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CONCENTRATION OF D-RIBOSE IN MEDIUM, mM 


Fia. 3. The stimulatory effect of added pyruvate on the growth 
response of three representative human cell lines to p-ribose. 


As illustrated in Table III, the amount of glucose metabolized 
by every one of the six cell lines tested increased with its initial 
concentration in the medium, and was maximal at 5 to 10 mm 
(Fig. 4). The increased utilization was not related to the rate 
of growth, which was maximal at a concentration of 0.5 to 2 
mm, and which at the higher concentrations was paralleled by 
increased net glycolysis,? which usually accounted for approxi- 
mately half of the total glucose metabolized (left hand portion 
of Fig. 4). As there shown, qualitatively and quantitatively 
similar results were obtained with mannose. 

Qualitatively similar results were obtained with fructose, in 
that the amount metabolized and the amount of glycolysis 
again increased with its concentration in the medium, without a 
parallel increase in the amount of growth. Quantitatively, 
however, both the amount metabolized and the proportion 
represented by glycolysis were significantly less with fructose 
than with either glucose or mannose. These results are il- 
lustrated for the liver cell lines in Fig. 4; similar results were 
obtained with the other five cell lines tested. 

Despite the variable growth response to galactose, the amount 
metabolized again increased with its concentration in the me- 
dium; however, both the amount metabolized and the amount 
of lactic acid simultaneously formed were usually lower than 
with either glucose or fructose. 

In Fig. 5 the results of a single experiment are expressed in 
terms of the amount of substrate metabolized and of lactic 
acid formed* per mg. of new protein synthesized. When the 
concentration of glucose in the medium was increased from 0.5 
mM to 20 mM, the amount metabolized per mg. of new liver cell 
protein formed increased from 13 to 69 ymoles, and the amount 
of lactic acid produced similarly increased from 13 to 81 umoles. 
Throughout this range, glycolysis usually accounted for ap- 


3 The amount of lactic acid which accumulates is not an exact 
measure of the rate of glycolysis, since some of the lactic acid 
formed is subsequently oxidized (cf. Wenner and Weinhouse 
(24)). Particularly at low concentrations of glucose, and with 
fructose and galactose at all concentrations, the total glycolysis 
may have been significantly greater than indicated by the final 
lactic acid content of the medium. Throughout the paper, the 
term “‘glycolysis’’ is used in the sense of lactic acid accumulated, 
rather than lactic acid produced. 
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proximately half of the total glucose metabolized. In the case 
of galactose, however, when the concentration was increased 
100-fold, from the maximally effective level of 0.2 to 20 mm, 
the amounts metabolized per mg. of new protein formed in- 
creased from 2.8 to 19 uwmoles, whereas the amounts of lactic 
acid produced remained essentially constant at 4 to 6 umoles 
per mg. of protein formed. At the higher concentrations, 
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CARBOHYDRATE CONCENTRATION IN MEDIUM, mM 


Fic. 4. The utilization of various carbohydrate substrates by a 
human liver cell culture as a function of their concentration in the 
medium. Replicate culture flasks were inoculated with approxi- 
mately 10° cells: 24 hours later the adherent cells were washed and 
the medium was replaced with the experimental fluids containing 
the indicated concentrations of glucose, mannose, fructose, or 
galactose in an otherwise complete growth medium (1-6). Fluids 
were replaced daily and the supernatant fluids from each concen- 
tration were pooled and frozen. The amount of residual carbo- 
hydrate was determined in the pooled supernatant fluids to give 
an estimate of an amount which had been metabolized by the cell. 
The cell protein was simultaneously determined to give a measure 
of growth. 


HUMAN "LIVER" CELL 





80 4 I = GLUCOSE 4160 
| Il= MANNOSE 
70 4 - I= FRUCTOSE 4140 
IZ= GALACTOSE 


@ 
° 
1 
' 
1 
™) 
° 


w 

° 
° 
° 


bh 
° 
@ 
° 
G3WYHOS NIZLOYd 1135 ‘OW Y3d 
G3DNGOYd GiIDvV DJILDV1 SSTOWONSIN 


WwW 
oO 


60 


N 
° 


40 





°o 


20 








° 
T 


49 


MICROMOLES CARBOHYDRATE META- 
BOLIZED/ MG. CELL PROTEIN FORMED 











ae Se we i (O6 Aee tee a 
02512 5020 Soest 2's 0m 
CARBOHYDRATE CONCENTRATION IN MEDIUM, mM 





Fic. 5. The amount of carbohydrate utilized and of lactic acid 
produced by a growing liver cell culture per mg. of cell protein syn- 
thesized. The experimental details are given in Fig. 4. The ini- 
tial cell protein per flask was 0.955 mg., and at the optimal levels 
of carbohydrates this has increased 3- to 4-fold during the 5 days 
of the experiment. The open circles in the figure indicate the 
concentration of substrate at which growth was maximal, and not 
increased by further increase in substrate concentration. 
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glycolysis accounted for only 12 per cent of the galactose metabo- 
lized by the liver cell in this experiment. 

The amounts of pyruvate and a-ketoglutarate formed in 
the course of cell growth are illustrated for the heart cell in Table 
IV. Qualitatively similar results were obtained with the con- 


TaB.e IV 
The formation of keto acids by growing heart cell cultures 


The experiments were conducted as described on page 551. 
The total volume of culture fluid fed over the 6 days of the ex- 
periment was 36 ml. 
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junctiva cell. In confirmation of Fulton et al. (25), these keto 
acids represented only a minor fraction of the total sugar metabo- 
lized. In the present experiments, a significant if indeterminate 
proportion of these keto acids was derived from sources other 
than the carbohydrate. When overlaid with a medium con- 
taining no carbohydrate, an established culture of HeLa cells 
formed 1.35 wmoles of pyruvate/mg. of cell protein in 48 hours, 
and 0.078 umoles of a-ketoglutarate. 

In the experiments illustrated in Figs. 4 and 5, the culture 
fluids had been collected over a period of 6 to 7 days and had 
been pooled before analysis. In order to determine whether 









































rpg wry Pw Oil the marked differences in the pattern of carbohydrate utiliza- 
Substrate ——_- tein syn- drate. acid | Fyruvate | glutarate tion, observed on varying either the substrate or its concentra- 
ton | thesisized | utilized | formed nai formed ° ° ° 
tion, were manifested through the entire growth cycle, culture 
mM mg. | pmoles pmoles fluids were collected daily, and each 2 days’ collection was 
Glucose 2 1.28 58 45 12 2.1 separately analyzed. The results of an illustrative experiment 
20 1.16 | 119 | 68 10 1.9 with the conjunctiva cell and mannose are summarized in Fig. 6. 
Mannose 2 1.17 59 | 45 9 1.6 The striking effects of substrate concentration on the amount 
20 1.17 | 106 | 56 10 1.8 metabolized and on the amount of lactic acid formed were 
Fructose 5 1.06 | 45 5 4 | 0.% evident over the entire 6 day period of growth. In other 
20 1.10 80 25 9 1.6 experiments, the differences between glucose, fructose, and 
Galactose 0.5 0.82 7.6 | 0.36 3.1 0.54 . . ath ° 
20 1.05 43 11 3.0 0.54 galactose previously noted (Figs. 4 and 5) were similarly evi- 
i denced over the entire period of growth. 
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Fic. 6. Illustration showing that the effect of substrate concentration on the amount metabolized and glycolyzed is evidenced 
through the entire growth cycle. Young cultures of the conjunctiva cell were fed with media containing varying concentrations of 
mannose. The culture fluids were replaced daily with fresh media, and the supernatant fluids were frozen. Each 2 day collection 
was pooled and separately analyzed for lactic acid and residual carbohydrate. 
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DISCUSSION 


In confirmation of previous studies (4-10), in the present 
experiments p-mannose and p-fructose regularly substituted 
for p-glucose in supporting the growth of a variety of cell lines. 
The contradictory results previously reported with p-galactose 
(4-10) were here reflected in the varying growth response ob- 
tained with different cell lines, or even in successive experiments 
with the same cell line. An unexpected finding was the ability 
of a number of strains to utilize p-ribose in lieu of p-glucose. 
The fact that this growth response was observed only within a 
narrow concentration range probably explains the negative 
results previously reported (7, 9, 10). Chang (11) has recently 
found that only a minute fraction of the cell population in a 
HeLa culture could grow out on p-ribose and suggested that 
these may be nutritional variants. It is however to be noted 
that the concentration used (5 mm) was in excess of the narrow 
range here shown to be maximally effective, (Fig. 3), which 
suggests that the variants isolated by Chang may have been 
distinguished by their ability to grow at a normally excessive 
level of v-ribose, rather than by their ability to use that sub- 
strate in lieu of p-glucose. The rapid rate of growth at the 
optimal 1 mm concentration suggested that most of the inoculum 
was growing; and this was further indicated by the fact that 
two recently isolated single-cell clones of HeLa cultures gave 
growth responses similar to that shown in Fig. 3. 

The mechanism of the growth-stimulatory effect of pyruvate 
when used in conjunction with either p-galactose or p-ribose is 
under continuing study. 

The amounts of glucose, mannose, fructose, and galactose 
metabolized by growing cultures varied markedly with the 


TABLE V 
Hezxokinase activity of tissue cell extracts 
3.5 ml. of reaction mixture contained 0.2 ml. of adenosine tri- 
phosphate (0.05 m), 0.1 ml. of MgCl» (0.1 m), 0.1 ml. of NaF (0.5 
M), 0.5 ml. of tris(hydroxymethyl)aminomethane buffer, pH 7.7 
(0.1 m), 0.5 ml. of substrates (0.02 m), cell-free extract as indi- 
cated, and H.O to volume. Incubation, 1 hour at 37°. 























sees of substrate 
Protein disappearing on 
Cultured h t th: 
ao (mg/ml. coll Substrate incu 10n wi 
1 ml. extract| 2 mi. extract 
_ pumoles 
Liver (T) 3.5 Glucose 4.6 6.2 
Mannose 4.1 5.7 
Fructose 2.8 3.9 
Galactose <0.5 <0.5 
Conjunctiva 6.8 Glucose 3.9 5.2 
(C) Mannose 5.1 6.8 
Fructose 2.7 3.6 
Galactose <0.5 <0.5 
= 
HeLa 9.7 | Glucose 3.84 6 .00* 
| Mannose 5.10 7.48 
| Fructose 1.64 2.76 
| Galactose <0.5 <0.5 








Approximately half of the total glucose which disappeared 
could be identified as glucose-6-phosphate by the reduction of 
triphosphopyridine nucleotide with Zwischenferment (34). 
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specific substrate, and varied also with its concentration, but 
not in relation to either the type of cell or the amount of growth 
obtained. This lack of correspondence between carbohydrate 
utilization and growth has been noted by a number of workers 
(25-28). At the smallest concentrations which permitted opti- 
mal growth, all four substrates were metabolized to a relatively 
small extent. Thus, in the experiment with the liver cell, 
(Fig. 5) 13, 13, 10, and 3 umoles of glucose, mannose, fructose, 
and galactose, respectively, were utilized per mg. of new protein 
formed at substrate concentrations of 0.5, 0.5, 5, and 0.2 mM, 
respectively. At 20 mm, however, the amounts metabolized in- 
creased to 69, 82, 40, and 19 ywmoles, respectively, per mg. of 
new protein synthesized, the rate and amount of growth remain- 
ing unchanged. Qualitatively similar results were obtained with 
all of the cell lines tested. Contrary to results obtained in a 
somewhat different culture system (28) even when the total car- 
bohydrate metabolized was corrected for glycolysis and keto acid 
production, the net values for substrate “oxidized” and/or 
incorporated still varied markedly with the individual sugar 
and its concentration, and without necessary relationship to 
either the size of the cell population or the amount of new cell 
protein formed. 

There was a definite correlation between the degree to which 
the several substrates were metabolized and the amount of 
lactic acid produced. With mannose and glucose, which at 
high levels were utilized “inefficiently” (i.e. relatively large 
amounts were metabolized per unit cell growth), approximately 
half of the carbohydrate used appeared as lactic acid. With 
galactose, however, which was used more efficiently, glycolysis 
often represented a relatively small proportion of the total 
metabolized, in one experiment, as little as 3 per cent. Fructose 
was intermediate in both respects. Qualitatively and quantita- 
tively similar results were obtained with a variety of cell lines 
deriving from both normal and malignant tissues. It is of 
interest that in explant cultures of a rat sarcoma, Snellman 
(29) had similarly found the amount of glycolysis to vary with 
the substrate, and to decrease in the order glucose > fructose 
> galactose, without a commensurate decrease in growth. 

The foregoing data take on added significance in the light of 
the findings by several workers (30-33) that the kinase activity 
of tissue slices or of mammalian cell extracts is greatest, and 
approximately equal, for glucose and mannose, less for fructose, 
and minimal or not demonstrable for galactose. In our own 
experiments with extracts of the KB, HeLa, and liver cells, 
the kinase for glucose and mannose was highly active; the kinase 
for fructose was significantly less so, whereas that for galactose 
was so weakly active as not to be demonstrable under the condi- 
tions of these experiments (Table V). 

In explanation of the present observations, the working hy- 
pothesis is therefore suggested that in growing cell cultures the 
amount of carbohydrate metabolized, the efficiency of its 
utilization, and the extent of aerobic glycolysis are interrelated, 
and that the most important determinant factor is the rate at 
which the substrate becomes available to the cell as glucose- 
or fructose-phosphate. Glucose and mannose are presumably 
readily transported into the cell and readily phosphorylated. 
In consequence, the rate of their utilization would increase with 
the concentration in the medium to reach levels which not only 
exceed those required for optimal growth, but also exceed the 
oxidative capacity of the cell. The accumulation of lactic acid 
observed with these two substrates would reflect the inability 
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of the cell to use the available carbohydrate oxidatively, either 
because one or more enzyme systems were saturated by the too 
rapid provision of substrate, or because essential cofactors were 
depleted. 

It is pertinent to note that the glucose concentration in the 
environment has been previously found to have important ef- 
fects on the level of cellular oxidation (35-37), glycolysis, and 
hexokinase activity (32, 38). External pyruvate also has been 
found to enhance glycolysis (39); but, at least under the condi- 
tions of the present experiments, this was not found to be the 
case with the HeLa cell and glucose. 

The slightly more efficient utilization of fructose, in terms of 
the smaller amounts metabolized per unit cell growth, and the 
significantly smaller proportion glycolyzed as compared with 
glucose, would presumably reflect the slower rate at which this 
substrate becomes available to the cell; whereas in the case of 
galactose the rate of its provision as glucose-l-phosphate or 
other immediately utilizable substrates would be so small that 
most would be oxidized as it becomes available, with little 
deflection into the glycolytic pathway. 

Additional studies will be necessary to determine whether the 
factor which primarily determines the rate of provision of the 
several substrates, and thus, the pattern of their utilization, 
is solely the kinase activity of the cells, or whether the rate of 
their transport into the cell is a limiting factor (40). In the 
case of galactose, other enzyme systems could also be rate- 
limiting. Although the failure to demonstrate galactokinase 
activity may reflect only the inability of the methods here used 
to detect a low order of activity, the possibility may be considered 
of an alternative nonphosphorylating pathway for the utiliza- 
tion of galactose by these cells. 

The similarity here found in the pattern of carbohydrate 
utilization by cultures of “normal” and “malignant” cells con- 
trasts with the observation that freshly excised tumor tissue 
has a significantly higher glycolytic activity than most normal 
tissue (41). At least under the culture conditions here used, 
the amount of lactic acid formed appears to be determined by 
the choice of substrate and its concentration, rather than by 
the cell type. The question as to whether cell cultures originally 
deriving from normal and malignant tissues may still be so 
characterized is beyond the scope of the present paper. The 
possibility may nevertheless be entertained that the greater 
glycolytic activity of freshly excised tumor tissues as compared 
with many normal tissues need not necessarily signify a basic 
difference in the mechanism of carbohydrate utilization. The 
tumor cell in vivo could have a more active transport mechanism, 
larger amounts of kinase, a more active kinase, or one less 
susceptible to inhibition by normal control mechanisms. The 
resulting provision of utilizable substrate at a rate greatly in 
excess of that required for maximal growth, and in excess also 
of the cell’s capacity to dispose of it oxidatively, may result 
in increased glycolysis, similar to that regularly observed in 
cell cultures at high concentrations of glucose, mannose, or 
fructose. 
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SUMMARY 


1. A number of carbohydrates (e.g. p-fructose, p-galactose, 
D-mannose, D-ribose, trehalose, turanose) have been found to 
substitute for glucose in supporting the growth of animal and 
human cell lines in culture. The concentration permitting 
optimal growth varied from 0.2 mm in some experiments with 
galactose to 50 mm in the case of sorbitol. 

2. The growth response to p-galactose was variable and was 
increased by the addition of pyruvate, which alone did not 
substitute for glucose. p-Ribose was effective with only some 
cell lines, and only within a narrow concentration range, center- 
ing at 1 mm. The addition of 1 mm pyruvate increased the 
rate of growth, but did not change the optimal ribose concentra- 
tion. 

3. In growing cultures, the amounts of glucose, mannose, 
fructose, or galactose metabolized increased with the concentra- 
tion of substrate in the medium, independent of the amount of 
growth; and there were wide differences between the various 
substrates. Thus, in one experiment with a growing “liver” 
culture, the amount of glucose metabolized per mg. of cell 
protein synthesized increased from 13 to 69 ymoles as the 
concentration in the medium was increased to 0.5 to 20 mm; 
the amount of fructose metabolized similarly increased from 5.7 
to 40 umoles per mg. of protein synthesized in the concentration 
range 2 to 20 mm; and that of galactose increased from 2.5 to 
19 wmoles in the concentration range 0.2 to 20 mm. 

4. There were even larger differences between the various 
substrates with respect to the amounts of lactic acid produced. 
The more actively the substrate was metabolized, the greater 
was the degree of glycolysis. With glucose, fructose, and 
galactose as substrates, all at 20 mm, a liver culture in one 
experiment produced 81, 25, and 4.5 umoles of lactic acid, 
respectively, per mg. of cell protein synthesized. Over a wide 
range of concentrations, aerobic glycolysis usually accounted 
for approximately half of the total glucose metabolized, 20 to 
50 per cent in the case of fructose and 3 to 50 per cent for galac- 
tose. 
5. Results qualitatively similar to the above were obtained 
with six human cell lines, three deriving from normal and three 
from malignant tissues. 

6. The hexokinase activity of HeLa, KB, and liver cell ex- 
tracts decreased in the order glucose (= mannose) > fructose 
> galactose, the latter not demonstrable by the techniques 
here used. 

7. The working hypothesis is suggested that the amount of 
hexose metabolized by growing cell cultures, and the amount of 
lactic acid concomitantly formed, is related primarily to the 
rate at which the several substrates become available to the cell 
as glucose- or fructose-PQ,, rather than to either the cell type 
or the absolute concentration required for optimal growth. 

8. The bearing of these observations on the differential glyco- 
lytic activity of normal and malignant tissues is discussed. 
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The Effect of 6-Deoxy-6-Fluoroglucose on Glucose 
Utilization in Kidney Tissues 


GeorceE §S. Serir anp ARNE N. Wick 


From the Scripps Clinic and Research Foundation, La Jolla, California 


(Received for publication, May 7, 1958) 


The hexokinase reaction has been studied extensively with 
respect to its response to insulin. Cori (1, 2) has observed that 
insulin acts through reversal of an inhibiting action of pituitary 
extracts on the hexokinase step. A number of other workers, 
however, have been unable to consistently confirm these results 
(3, 4). More recently, it has been reported that a complex of 
cortisone and 8-lipoprotein from normal rabbits provides an in- 
hibitory action on yeast hexokinase and that this effect is re- 
versed by insulin (5). In the light of such active controversy it 
is of interest to examine the influence of insulin on those carbo- 
hydrates and carbohydrate analogues which are incapable of 
phosphorylation in the 6 position by hexokinase. An approach 
to this type of study has been made by Levine et al. (6), who 
demonstrated that p-galactose which is not phosphorylated in 
muscle because of the absence of a galactokinase shows a re- 
sponse to insulin in that tissue. These results have also been 
confirmed in this laboratory (7). Galactose, however, lacks the 
complete stereoconfiguration of glucose, and spatial configuration 
of the sugars has been suggested as an important feature of 
their response to insulin (9). Moreover, galactose has been 
shown capable of phosphorylation by yeast hexokinase under 
certain conditions (8). 6-FG! possesses the stereochemical con- 
figuration of glucose and yet, obviously, cannot be phosphoryl- 
ated in the 6 position. It may, therefore, be an ideal sugar to 
use in an evaluation of the importance of the hexokinase step as 
a site of insulin action. With this premise in mind we have un- 
dertaken an extensive study of the fate and effects of 6-FG in 
mammalian metabolism. This report is the first of the series 
with emphasis on the influence of this analogue on glucose 
metabolism as reflected in kidney slices. 


EXPERIMENTAL 


Preparation of Kidney Slices—Mature, male Sprague-Dawley 
rats were decapitated and exsanguinated. The kidneys were re- 
moved and slices prepared using the Stadie-Riggs microtome. 
Care was taken to remove the medullary substance in order 
that all tissue used be consistently cortical in nature. Each slice 
was divided to provide sections no greater than 3 X 3 mm. 
This allowed division of a given kidney into a sufficient number 
of parts to permit blending of any individual biochemical differ- 
ence through pooling with sections from other kidneys. 

Preparation of Incubation Medium—Solutions of the C-14 
labeled substrates studied (glucose, fructose, lactate, acetate) 


This investigation was supported by research grant A-291 
(C4) from the Division of Arthritis and Metabolic Diseases of 
the United States Public Health Service. 

1 The abbreviation used is: 6-FG, 6-deoxy-6-fluoroglucose. 


were prepared with a KCl-MgCl) salt solution adjusted with 
phosphate buffer to a pH of 7.4 (100 ml. of 0.154 m KCl:2 ml. 
of 0.154 m MgSO,:12 ml. of 0.1 m phosphate buffer, pH 7.4). 
The molarity of substrate in these solutions was adjusted to a 
value which would provide the desired concentration of substrate 
when 1.4 ml. of the solution was diluted to a final total volume 
of 1.6 ml. with a solution of 6-FG, 2-deoxyglucose, or water as 
desired in the individual experiments. The substrate concen- 
trations were maintained at 0.01 in all studies except in that 
case where glucose concentration was varied in order to obtain a 
Lineweaver-Burk (14) double reciprocal plot. 

Incubation Procedure—Slices of kidney were chosen at random 
from the tissue pool to make up 250 mg. samples (wet tissue 
weight). These were added to separate Warburg flasks contain- 
ing 1.6 ml. of incubation medium. The center cup of each flask 
contained 0.2 ml. of 5 n NaOH (CO, free) absorbed on a folded 
filter paper to collect respired CO». Incubation was conducted 
in a Warburg bath at 37° for 2 hours. At the end of this incu- 
bation period the adsorbed CO, from each center cup was pre- 
cipitated and counted as BaCO, at infinite thickness with a gas 
flow counter in the proportional range. Kidney slices prepared 
and incubated as described oxidized glucose at a rate of approxi- 
mately 0.15 mg./gm. of tissue per hour, assuming complete oxi- 
dation of uniformly labeled glucose to C“Os. 

Source of Carbohydrates—6-FG was prepared according to the 
procedure of Helferich et al. (10, 11) as revised by Blakley (12). 
2-Deoxyglucose was obtained from Nutritional Biochemicals 
Corporation, Cleveland, Ohio. Glucose-1-C™ and glucose-6-C™ 
were obtained from the National Bureau of Standards. Uni- 
formly labeled glucose was obtained from Tracerlab Inc., Bos- 
ton, Mass. 


RESULTS 


6-FG inhibits the oxidation of uniformly labeled glucose to 
CO; by rat kidney slices. This inhibitor, however, has no effect 
on the rate of oxidation of lactate-1-C" or acetate-1-C™ by kidney 
slices. A typical curve of the effect of 6-FG concentration on 
the conversion of uniformly labeled glucose to CO: is shown in 
Fig. 1. With increasing concentrations of 6-FG the inhibition 
of radioactive CO, formation approaches a plateau. We have 
found this picture to be the same using uniformly labeled fructose 
as a substrate. When 2-deoxyglucose, a known inhibitor of 
hexokinase and phosphoglucose isomerase (13), is used with 
uniformly labeled glucose, however, it appears to maintain an 
increase in inhibition with increasing concentration of the ana- 
logue (Fig. 1). 

The inhibitory action of 6-FG is demonstrated to be competi- 
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tive through the use of a Lineweaver-Burk (14) double reciprocal 
plot as shown in Fig. 2. 

The hexose monophosphate pathway is operative in these slices 
as evidenced by the differential oxidation of C; and C, labeled 
glucose (Table I). However, the inhibiting action of 6-FG is 
qualitatively the same with C,, Cs, or uniformly labeled glucose 
(Fig. 3). 


DISCUSSION 


The first investigation of the effect of 6-FG on metabolic 
processes was conducted, to the best of our knowledge, by 
Blakley and Boyer (15). These authors studied the inhibitory 
action of this fluorinated sugar on yeast fermentation. The ob- 
servations reported here with kidney slices agree closely with 
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Fic. 2, The competitive nature of the inhibition of uniformly 
labeled glucose oxidation to CO: by low concentrations of 
6-FG in rat kidney slices. 1/S is expressed as the reciprocal of 
the glucose molarity. 1/V is expressed as the reciprocal of the 
number of counts obtained from respired CO; per minute. 
Each point represents the average of two separate determinations. 
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Blakley and Boyer’s in that the effect of 6-FG on glucose oxida. 
tion appears restricted to an area before glucose phosphorylation 
and that the inhibition is competitive in nature. These data 
strongly suggest that this analogue is affecting the same process 
in both kidney and yeast cells. 

A surprising feature of this study with kidney slices has been 
the anomalous effect of an increased concentration of 6-FG on 
glucose oxidation at high 6-FG levels. One would expect that 
with increased concentrations of 6-FG the extent of inhibition of 
CO; formation should continue to increase and asymptotically 
approach 100 per cent inhibition as predicted by the velocity 
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Fic. 3. The inhibition of glucose oxidation to CO, by 6-FG 


in kidney slices using C,, Cs, and uniformly labeled (UL) glucose 
as substrate. 
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Detection of the hexose monophosphate pathway in rat kidney slices 
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Fic. 4. Possible sites of action of 6-FG 
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equation (16) for competitive inhibition: 
V(S) 
(I) 
& 1 — S 
K = K } + (S) 





v= 


Such a theoretical curve was obtained when 2-deoxyglucose was 
used as the inhibitor with kidney slices. 

A possible explanation of these data is based on the premise 
that 6-FG inhibits a specific pathway of glucose oxidation but 
that one or more alternate pathways exist. Under these condi- 
tions, increasing the 6-FG concentration ultimately would result 
in complete inhibition of the susceptible pathway while the al- 
ternate pathway or pathways would be unaffected. Hence, a 
plateau would be observed in a curve of inhibition over a wide 
range of 6-FG concentration. 2-Deoxyglucose on the other 
hand seems to inhibit at a point or points where all glucose oxi- 
dation to COs is affected. 

If the point of glucose inhibition occurred in the metabolic 
sequence after the formation of glucose-6-P then 6-FG inhibition 
could be explained in terms of known pathways. Thus an in- 
hibition site might exist in the Embden-Meyerhof scheme proper 
or alternately in the hexose monophosphate pathway. In each 
of these cases one would expect to observe a greatly increased 
maximum inhibition of C“O, formation with 6-FG if uniformly 
labeled glucose were replaced by Cz or C; labeled glucose, re- 
spectively. With these variously labeled substrates, however, 
the maximum inhibition of radioactive CO, formation remains 
approximately the same. Thus, the inhibition imposed by 6-FG 
must be effected before the formation of glucose-6-P. 

The data of this study have not uncovered the primary site of 
action of 6-FG. However, as depicted in Fig. 4, a limited num- 
ber of points of attack exist for this analogue. 

The compound may interfere with a process concerned with 
cell entry. Blakley and Boyer (15) have suggested such a pos- 
sibility from their study of the effect of 6-FG on yeast prepara- 
tions. Data obtained with eviscerated-nephrectomized rabbits, 
which will be reported in a further publication, indicate that 
6-FG does have difficulty in penetrating cell membranes and 
may, therefore, exert its influence extracellularly or on the cell 
membrane. If 6-FG interference occurs at cell entry then in 
order to be consistent with the data of our study two pathways 
of entry must be present. The pathway sensitive to 6-FG could 
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be the principal normal metabolic pathway. The additional 
pathway might be a controlled pathway or alternately be simple 
diffusion increased in prominence by the method in vitro of meas- 
urement. 

6-GF may enter the kidney cell before inhibiting glucose oxida- 
tion. Before the formation of glucose-6-P only one enzyme, 
hexokinase, is known to handle free glucose as an integral part 
of a known pathway leading to CO, formation. Blakley and 
Boyer studied the effect of 6-FG on yeast hexokinase and re- 
ported that inhibition of glucose phosphorylation did occur but 
that it was not of sufficient magnitude to explain the inhibi- 
tions they observed with intact cells. It is not impossible, how- 
ever, that mammalian hexokinase may be influenced to an ex- 
tent sufficient to explain the inhibitions observed with kidney 
slices. Thus, hexokinase as an inhibition site must not be neg- 
lected in further investigations with this tissue. 

If 6-FG inhibits within the cell, then again, in order to be con- 
sistent with our data, a pathway alternate to that involving 
hexokinase must be present. Thus, glucose may be oxidized to 
an unknown component X (Fig. 4), with the evolution of CO, 
or, alternately, glucose may be phosphorylated in the 1 position. 
Such kinases exist for fructose and galactose (17, 18) and may 
have been easily overlooked for glucose by virtue of the quick 
conversion of glucose-1-P to glucose-6-P by phosphoglucomutase. 

If one of these alternate pathways exist 6-FG may prove to 
be a useful tool in its evaluation. 


SUMMARY 


1. 6-Deoxy-6-fluoroglucose has been found to inhibit the oxi- 
dation of uniformly labeled glucose-C™ and fructose-C" to CO, 
in rat kidney slices but to have no effect on the oxidation of 
lactate-1-C™ or acetate-1-C™. 

2. The inhibition of glucose oxidation has been shown to be 
competitive. 

3. An anomalous response of kidney slices to increasing con- 
centrations of inhibitor suggests that 6-deoxy-6-fluoroglucose is 
inhibiting a specific pathway for the oxidation of glucose to CO, 
and that an alternate unaffected pathway or pathways exists. 

4. Studies with C, and Cy labeled glucose indicate that the 
fluoro analogue is inhibiting before the formation of glucose-6- 
phosphate. Possible sites of action of this inhibitor are dis- 
cussed. 
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In a previous publication (1) an analysis of the phosphatides 
of pig heart ventricle was reported. This report is an extension 
of this work and deals with the phosphatide composition of pig 
heart ventricle mitochondria, microsomes, and the cytoplasmic 
supernatant fluid which is obtained upon centrifugation of the 
microsomes. Significant differences were found in these cell 
fractions, especially with regard to an acidic glycerophosphatide 
fraction which is very active metabolically and which occurs 
nearly exclusively in the mitochondria. 


METHODS AND REAGENTS 


Pig Heart Cell Fractions—49 gm. of pig heart ventricle (ob- 
tained as fresh as possible and freed from excess fat) were 
chopped into small pieces with scissors and homogenized at 0° 
in portions in 0.25 m sucrose by use of a ball type homogenizer 
(2). 10 ml. of sucrose solution were used for each gram of 
heart muscle. The resulting homogenate was adjusted to pH 
7.0 by the addition of solid sodium bicarbonate! and then 
centrifuged at 1000 r.p.m. for 20 minutes. If necessary, cen- 
trifugation was repeated at 1000 to 2500 r.p.m. for 5 to 10 
minutes until nearly all the myofibrils were removed (determined 
by microscopic examination) and only the mitochondria and 
microsomes were left in the supernatant fluid. The super- 
natant fluid was decanted off and centrifuged at 15,000 r.p.m. 
for 7 minutes. The precipitated mitochondria (Fraction I) were 
saved for lipide extraction. The supernatant fluid containing 
the microsomes was diluted to 400 ml. with 0.25 m sucrose and 
centrifuged at 25,000 r.p.m. for 1 hour in a Spinco model L 
preparative centrifuge (Rotor No. 30). The precipitated 
microsomes (Fraction II) and the supernatant fluid (Fraction 
III) were separated and saved for lipide extraction. 


Lipide Extraction 

The mitochondria (Fraction I) were homogenized in 20 ml. of 
cold 0.15 m KCl and centrifuged at 3000 r.p.m. for 40 minutes. 
The precipitate was extracted three times with chloroform- 
methanol, 1:1, for 10 minutes, each at 40°. The combined 
extracts were filtered through a sintered glass funnel and the 
filtrate evaporated to dryness under nitrogen in vacuo at 40°. 
The residue thus obtained was extracted four times with warm 
chloroform (40°) to obtain the total lipides. 


* Supported in part by funds from the U. S. Public Health Serv- 
ice, National Heart Institute (Grant No. H 2063) and from the 
Life Insurance Medical Research Fund. 

1 The addition of NaHCO; at this point was essential in order 
to prevent aggregation of the mitochondria and to centrifuge the 
myofibrils. 


The microsomes (Fraction II) were suspended in 20 ml. of 
distilled water and precipitated with 9 ml. of 10 per cent tri- 
chloroacetic acid. The precipitate was washed three times by 
suspending in distilled water and centrifuging at 3000 r.p.m. 
The lipides in the washed precipitate were extracted in the same 
way as mentioned above for the mitochondria. 

One-half the volume (200 ml.) of the supernatant fluid (Frac- 
tion III) obtained after centrifugation of the microsomes was 
treated with 10 gm. of trichloroacetic acid. The resulting 
suspension was centrifuged at 3000 r.p.m. for 15 minutes. The 
precipitate was washed twice by suspending in distilled water 
and centrifuging. The washed residue was extracted with 
chloroform-methanol as mentioned above. The yield of lipide 
from the 3 cell fractions is given in Table I. 

Paper Chromatographic Analysis of Lipides—The quantitative 
paper chromatographic analysis of the phosphatides of each cell 
fraction was carried out as described previously (1). The 
lipides were dissolved in isoamyl alcohol-benzene, 1:1, to give a 
concentration of between 200 to 316 ug. per 10 wl. These 
solutions were used for the chromatography. In addition, 
25 wl. aliquots of each solution were pipetted on acid-washed 
Whatman No. 1 filter paper and dried. One set of papers, in 
duplicate, was digested directly with perchloric acid to determine 
the total P (1). Another set, in duplicate, was washed four times 
for 5 minutes each time by immersion in distilled water. The 
papers were dried and digested in order to determine the lipide 
P (1).2. The results of these experiments are given in Table II. 

Column Chromatography of Lipides—The lipides of each cell 
fraction were separated into the nonphosphatide and phos- 
phatide fractions by column chromatography on silicic acid in a 
manner similar to that described previously (1). The lipides 
were placed on the column in chloroform. The nonphosphatides 
were eluted with chloroform (50 ml.). The phosphatides were 
then eluted with chloroform-methanol, 1:1 (25 ml.), followed by 
methanol (50 ml.). Cholesterol analysis was carried out on the 
nonphosphatide fraction by a method described previously (3). 
The amounts of the nonphosphatide and phosphatide fractions 
and cholesterol content are given in Tables III and IV. 


RESULTS AND DISCUSSION 


The lipide content of the heart cell fractions is given in Table 
I. It is clear that the lipides are concentrated in the mito- 
chondrial and microsomal fractions. 

The P content of the cell fraction lipides is given in Table II. 


2 Appropriate blank pieces of paper were digested in order to 
correct for P which might be present. These values were ex- 
tremely small, about 0.01 wg. per 4 sq. cm. 
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TaBLeE I 
Lipide content of pig heart cell fractions 
Cell fraction Total lipides ye oy 
mg. % 
SS ae en ae 159 28.6 
ee Serers eee eee 77 24.6 
Supernatant fluid............. 43* 6.6 











* Represents the yield from the total 400 ml. of supernatant 
fluid. 








TaBLe II 
Lipide P content of pig heart cell fractions* 
Total P{contentt 
‘ Am _ aes i Lipide P 
Cell fraction Sede mt 4 pay phe hn par nnd t 
| washed Washed 
ug. ug. ug. % % 
Mitochondria. ....... 790 25.4 | 15.8 | 37.8§ 2.0 
Microsomes.......... 500 12.6 | 11.5 8.5 2.3 
Supernatant fluid....} 500 15.4 | 15.4 0.0 3.08 




















* Results are the average of duplicate values. 

+ 25 wl. of total lipide solution were pipetted on acid-washed 
filter paper and washed as described in the text. 

t Calculated from the washed value for P. 

§ This value was found to vary with different mitochondrial 
preparations from 20 to 40 per cent and is believed to represent 
mainly nonlipide P. 











Taste III 
Phosphatide content of pig heart cell fractions 
Cell fraction bo na —— Nonphosphatidest Phosphatidest 
mg. mg. % mg. % 
Mitochondria. .... 63.2 5.5 8.8 57.1 91.3 
Microsomes§...... 70.2 19.5 31.8 41.9 68.2 
Supernatant fluid.| 21.7 11.7 54.4 10.0 45.6 











* The lipide was put on the coumn of silicic acid as described 
in the text. 

+ This fraction was eluted with chloroform and was free of P. 

t This fraction was eluted with chloroform-methanol and meth- 
anol. All the P of the original lipide occurred in this fraction. 

§ Some yellow material in this lipide fraction was not eluted 
and remained on the top of the column. 


TaBLeE IV 
Cholesterol content of pig heart cell fraction lipides* 








Cel fraction Cteeenee| Cae 
% % 
Mitochondria................. 28.6 2.5 
ne, aE EE ee 27.9 8.9 
Supernatant fluid............. 27.8 15.1 








* Results are the average of duplicate values. 
+ Represents the nonphosphatides obtained by column frac- 
tionation on silicic acid (see Table III). 
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Fig. 1. Tracing of chromatograms of the phosphatides of the 
pig heart cell fractions. Chromatography was carried out at 23° 
on silicic acid-impregnated paper and utilized a solvent system 
consisting of diisobutyl ketone-acetic acid-water, 40:25:5 (1). 
I = mitochondria, JJ = microsomes, and JJJ = supernatant 
fluid. The lipide spots were detected by staining with Rhoda- 
mine 6G and observed while wet under ultraviolet light (366 my). 
The following colors were observed: yellow, Spots 2, 8, 4, 5,7, and 
9; purple, Spots 1’, 1,6, and 8. A positive choline test was given 
by Spots 2,3, and 6. Spot 7 also gave a weak nonspecific test for 
choline (1). A positive ninhydrin test was given by Spots 2, 6, 
and 7. The identification of the lipide spots is as follows 1’ = 
unidentified trace component, / = inositol phosphatide, 2 = lyso- 
lecithin, 3 = sphingomyelin, 4 = lysocephalin, 5 = lecithin, 6 = 
phosphatidylserine, 7 = phosphatidylethanolamine, 8 = poly- 
glycerolphosphatide (tentative), 9 = nonphosphatides, --- = 
trace constituent. 


It is noteworthy that the mitochondrial lipides appear to contain 
a large amount of nonlipide P, whereas the microsomal and 
supernatant lipides do not. Part of this difference is dependent 
upon the manner in which the lipides were prepared. The 
trichloroacetic acid treatment apparently causes a loss of most 
of the nonlipide material in the microsomes and supernatant 
fluid. Washing with water does not remove a significant amount 
of phosphatide. This was demonstrated by control experiments 
in which known amounts of pure lecithin, phosphatidylethanol- 
amine, and sphingomyelin were pipetted on filter paper and 
washed for varying lengths of time with water. Washing for 20 
minutes resulted in a loss of only 1 to 2 per cent of these phos- 
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TABLE V 
Quantitative paper chromatographic analysis of phosphatides of pig heart cell fractions* 
Mitochondria Microsomes Supernatant fluid 
Spot No.t Phosphatide aR —a 
Lipide P = - total Lipide P a - Lipide P ra 
ug. % ug. % Mg. % 
ih See ere Sek Cee we 1.20 1.95 | 1.20 2.66 1.05 3.12 
“| a ae i ee Sa 0.43 0.70 | —§ _ 0.36 1.07 
1 Inositol phosphatide................... 8.82 14.32 1.77 3.92 0.71 2.10 
2 SS Seren Sar Aes eae eee -- _ 3.63 8.04 1.09 3.23 
3 EE es eee eee eae 3.43 5.58 7.43 16.45 3.82 11.30 
4 eee Ea ret eee Eee = -- -- — 2.28 6.76 
5 ON Ry aes ee Ae 22.25 36.20 18.90 41.80 17.68 52.40 
6 Phosphatidylserine.................... 1.69 2.75 1.62 3.59 0.89 2.64 
7 Phosphatidylethanolamine§............ 15.58 25.30 9.60 21.20 5.89 17.48 
8 Acidic-glycerolphosphatide**........... 8.18 13.30 2.39 2.00 — _ 























* All values are corrected for an appropriate blank-value based on the area of the paper used (1). 


+ Represent the phosphatide spots in Fig. 1. 


t Represents a small amount of all the phosphatides which are bound to the paper. 

§ —, Indicates that these phosphatides were present in a trace amount. 

|| This component is tentatively identified as mainly lysophosphatidylethanolamine. 
§| These phosphatides contained an appreciable amount of the acetal derivatives (1). 
** This component is tentatively identified as an acidic polyglycerolphosphatide (6). 
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Fic. 2. Tracing of chromatograms of the nonphosphatides of 
the pig heart cell fractions. Chromatography was carried out at 
23° in lined chambers, 6 inches in diameter X 18 inches in height. 
The same type of silicic acid impregnated paper was employed as 
described previously (1). The solvent system was n-heptane- 
diisobutyl ketone, 96:6. The lipides were detected by staining 
with Rhodamine 6G as mentioned in Fig. 1. The following colors 
were observed: yellow, Spots 1, 5, and 6; yellow-orange, Spot 2; 
blue, Spots 3 and 4; yellow-purple, Spots 0. The identification of 
the lipide spots is as follows: 0 = phosphatides, 1 = monoglyc- 
erides (tentative), 2 = free cholesterol, 3 = fatty free acids, 
4 = unidentified, 5 = neutral fat, and 6 = cholesterol esters, 
--- = minor constituent. 


phatides. The possibility still exists that some of the other 
phosphatides may be lost by this washing procedure. 

The amount of total phosphatides in the cell fractions was 
based upon column fractionation. The nonphosphatides are 
eluted from silicic acid with chloroform. Hence the phos- 
phatides are taken as that material which is eluted with chloro- 
form-methanol and methanol. The latter phosphatide fraction 
also contains the cerebrosides and gangliosides. The amount of 
phosphatide in the cell fraction lipides is given in Table III. 

The data in Table III demonstrate that the mitochondrial 
lipides are predominantly phosphatides. The supernatant fluid 
has the least amount of phosphatides. Spiro and McKibbin 
have reported similar values for rat liver cell fractions (4). 
However, rat liver microsomes apparently contain much more 
phosphatide than pig heart microsomes. 

The total cholesterol content of the cell fraction lipides was 
determined on the nonphosphatides which were obtained by 
column chromatography. These values are given in Table IV. 
Although the amount of cholesterol in the nonphosphatide 
fraction of the mitochondria, microsomes, and supernatant fluid 
is nearly the same, it can be seen that the cholesterol content of 
the total lipides is greatest in the supernatant fluid and least in 
the mitochondria. 

In order to determine the quantitative distribution of the 
individual phosphatides in the cell fractions, the total lipides 
were chromatographed on silicic acid-impregnated paper and 
each lipide spot analyzed for total P (1). The results of the 
qualitative and quantitative phosphatide analysis are given in 
Fig. 1 and Table V, respectively. The qualitative composition 
of the nonphosphatides was also determined by paper chroma- 
tography on silicic acid-impregnated paper. A diagram of the 
chromatographic findings is given in Fig. 2. 

The phosphatides were detected by staining the chroma- 
tograms with Rhodamine 6G (National Aniline Division, Allied 
Chemical and Dye Corp.) and further identified by characteristic 
spot tests (1) and comparison of their mobilities with those of 
known compounds. It can be seen from Table V that ly- 
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solecithin occurred in a significant amount in the microsomes and 
supernatant fluid but that lysocephalin occurred predominantly 
in the supernatant fluid. Other experiments’ have shown that 
this cell fraction contains a cephalinase. Part of these lyso- 
phosphatides, however, may arise as a result of the trichloroacetic 
treatment (5). A component having the properties of an acidic 
polyglycerolphosphatide was found almost exclusively in mito- 
chondria. This phosphatide fraction actually contains 2 or 3 
components, some of which are very active metabolically (6). 
It is of interest that this phosphatide fraction is labeled both 
in vivo (7) and in vitro (6). 

It is also apparent from Table V that, with respect to the 
total phosphatides, inositol phosphatide occurs in highest amount 
in the mitochondria and that sphingomyelin is found in greatest 
amount in the microsomes. Lecithin is by far the chief com- 
ponent of the supernatant fluid and together with phosphatidyl- 
ethanolamine is a major constituent of all the cell fractions. 
Phosphatidylserine is a minor component. The content of each 
phosphatide was found to vary slightly with different prepara- 
tions of these cell fractions. Hence the data given in Table V 
are not to be regarded as fixed absolute values. 

The qualitative chromatographic analysis of the nonphos- 
phatides (Fig. 2) shows that all the cell fractions contained free 
cholesterol, cholesterol esters, neutral fat, and free fatty acids 
in varying amounts. Moreover, an unidentified component 
which gave a blue fluorescent color with Rhodamine 6G occurred 
only in mitochondria (Fig. 2, Spot 4). A small amount of 
material having the mobility of monoglycerides was observed only 
in the mitochondria and supernatant fluid (Fig. 2, Spot 1). It 
is also noteworthy that although an appreciable amount of free 
fatty acids (Fig. 2, Spot 3) occurred in the mitochondria, no 
lysophosphatides were detected in this fraction. The mito- 
chondria did, however, contain markedly less cholesterol ester 
than the other cell fractions. 

The results of this investigation demonstrate the nonuniform 
distribution of lipides in the cell fractions of pig heart, a finding 
which may indicate unique roles for some of these lipides. This 
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is particularly true of the fast moving lipide (Fig. 1, Spot 8) 
which has been observed in every tissue which has thus far been 
studied, namely heart, liver, spleen, kidney, brain, lung, in- 
testines, red blood cells, and plasma. Heart contains the most 
and plasma the least of this component. It is of further interest 
that two purified cytochrome preparations of pig heart, namely 
cytochrome oxidase (8) and cytochrome b-cytochrome c, (5) 
contain an appreciable amount of this lipide. 

Although this fast moving lipide appears to be ubiquitous, the 
chemical analysis of this component has varied from one tissue 
preparation to another (5, 6, 9). In one case we have noted 
that trichloroacetic acid treatment prior to lipide extraction can 
cause a marked loss of this material (5). Hence it should be 
borne in mind that in the present paper the low content of this 
lipide in the microsomes and supernatant fluid may in part be 
due to the fact that these cell fractions were treated with tri- 
chloroacetic acid, whereas the mitochondria were not. However, 
in the case of the microsomes, direct extraction of the lipides 
without the use of trichloroacetic acid has confirmed that these 
particles are deficient in this phosphatide. This lipide has some 
properties similar to cardiolipin (10) and to the polyglycerolphos- 
phatide isolated by McKibbin and Taylor (11), Garcia et al. 
(12), and Olley (13). 

Analytical data on the distribution of individual phosphatides 
in different tissues and cell fractions are relatively scarce and in 
poor agreement (14, 15). The techniques employed in this 
present investigation should help expedite research in this field. 


SUMMARY 


The lipide, and in particular, the phosphatide analysis of the 
mitochondria, microsomes, and supernatant fluid of pig heart 
ventricle was determined. Significant differences were noted, 
especially in the distribution of the individual phosphatides. A 
lipide, tentatively identified as a polyesterglycerolphosphatide 
was found to occur almost exclusively in the mitochondria. The 
ubiquitous nature and cellular localization of this lipide suggest 
that it may have an important metabolic role. 
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Recent investigations have implicated vitamin E as a possible 
cofactor for the oxidized diphosphopyridine nucleotide (DPN)- 
and succinate-cytochrome c reductases of rat skeletal muscle and 
bovine heart muscle. It was demonstrated that added vitamin 
E increases the activity of the above cytochrome c reductases. 
Moreover, the almost complete loss of enzymatic activity re- 
sulting from isooctane extraction can be completely restored by 
the addition of tocopherol, or even more effectively by addition 
of the lipide residue obtained from vacuum distillation of the 
isooctane after extraction (1-3). Morrison, Crawford, and 
Stotz (4) have recently confirmed these reactivation effects by 
using isooctane-extracted succinate-cytochrome c reductase from 
pig heart. 

The present paper elaborates on preliminary reports (5, 6) 
from this laboratory with regard to the purification and identi- 
fication of the active component (designated as the lipide “‘co- 
factor’) in the crude lipide residue obtained by isooctane or 
n-hexane extraction of bovine heart muscle homogenate. Evi- 
dence is presented to show that the lipide “cofactor” is a mixed 
triglyceride with stearate, palmitate and oleate components. 
The subsequent paper of this series (7) describes experiments 
demonstrating that the crude lipide residue obtained by isooctane 
extraction of the cytochrome c reductases from rat skeletal 
muscle and bovine heart muscle contains vitamin E in amounts 
too small, however, to account for enzyme reactivation. Further 
evidence is given suggesting that the added lipide “cofactor” acts 
indirectly by releasing endogenous vitamin E of the preparation 
to the “active sites” of the enzyme. 


MATERIALS AND METHODS 


The preparation of cytochrome c reductase from rat skeletal 
muscle, the use of standard procedures and various materials, 
including the preparation and spectrophotometric assay of 
tocopherol, have already been described (2, 3). The various 
tocopherols and their derivatives used in this study were gen- 
erously supplied by the Distillation Products Division of the 
Eastman Kodak Company. Coconut charcoal (80 mesh) was 


* Contribution No. 227 of the McCollum-Pratt Institute. This 
investigation was supported in part by a research grant from the 
Muscular Dystrophy Associations of America, Inc., and by a re- 
search grant (No. G-2332) from the National Institutes of Health, 
United States Public Health Service. 

t Postdoctoral Fellow of the McCollum-Pratt Institute. Pres- 
ent address: National Institutes of Health, Bethesda, Maryland. 

t Postdoctoral Fellow of the McCollum-Pratt Institute. Pres- 
ent address, Department of Microbiology, Washington University 
School of Medicine, St. Louis, Missouri. 


obtained from the Fisher Scientific Company, and was treated 
by boiling in 4 nN HCl for 30 minutes, washing with water fol- 
lowed by acetone, air-drying, and finally placing in a 90° oven 
over night. Kieselguhr (as Hyflo supercel) was supplied by the 
Johns-Mansville Company, and n-octane by the Matheson, 
Coleman and Bell Company. Crystalline palmitic and stearic 
acids were obtained from the Mann Research Laboratories, Inc., 
purified oleic acid from the Fisher Scientific Company; glycerol 
monooleate, -palmitate, and -stearate, palmityl chloride, and 
stearyl chloride from the Matheson Coleman and Bell Company. 

Preparation and Assay of Lipide Suspensions—Suspensions of 
various lipides were prepared by homogenizing for approximately 
3 minutes in a Ten Broeck glass tissue grinder in proportions of 
5 mg. of lipide per ml. of 15 per cent ethanol-0.2 per cent crys- 
talline bovine serum albumin made up in 0.1 m phosphate buffer, 
pH 7.5. Centrifugation of this mixture for 5 minutes at about 
500 Xx g usually yielded a uniform white turbid suspension. 
The quantity of lipide in such suspensions was determined by 
extraction of a given volume with petroleum ether, evaporation 
of the solvent, and weighing of the residue. The ability of the 
lipide suspensions to restore the activity of isooctane-extracted 
DPN'-cytochrome c reductase was measured with a rat muscle 
particulate preparation (see Paper II (3), Table I, Fraction II) 
whose enzymatic activity had been lowered 75 to 95 per cent as 
a result of three to six extractions with isooctane described 
previously (3). The effectiveness of the lipides in restoration of 
enzymatic activity is expressed as micrograms of lipide that must 
be added to restore 50 per cent of the deficient cytochrome ¢ 
reductase activity in the described (2, 3) 1 ml. enzymatic re- 
action mixture. 


RESULTS 


Restoration Properties of Tocopherol and Lipide Residue— 
Whereas 45 to 50 yg. of d-a-tocopherol are required to restore 
50 per cent of the activity of the isooctane-extracted enzyme, 
in most cases the same effect was attained with 15 to 30 ug. of 
the crude lipide residue obtained from vacuum distillation of the 
isooctane after extraction of the particulate enzyme from rat 
skeletal muscle or bovine heart. Examination of such active, 
isooctane extraction residues in quantities as high as 50 mg. 
failed to reveal in almost all cases the presence of any free 
tocopherol as measured by a paper chromatography procedure 
(8), with a demonstrated ability to detect 5 wg. Moreover 
spectrophotometric examination of the residue before and after 
treatment with ascorbic acid, the latter to reduce any possible 


1 The abbreviation used is: DPN, oxidized diphosphopyridine 
nucleotide. 
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tocopheroxide present (9, 10), showed no absorption in the 
region at 297 my characteristic of tocopherol. However, by 
using large quantities of enzyme (100 to 500 ml.) it is possible to 
show the presence of vitamin E in the lipide residue obtained by 
jsooctane extraction (5). This is further described in the fol- 
lowing paper (7) of this series. 

Acid and Alkali Lability—Confirmation that an active agent 
other than free tocopherol is responsible for enzyme of reactiva- 
tion was obtained by alkali and acid hydrolysis experiments. 
The crude lipide residue and d-a-tocopherol were treated with 
1 n NaOH or 1 n HCl in n-propanol for 15 minutes in a boiling 
water bath. Extraction of the mixture with petroleum ether, 
followed by evaporation of the solvent in vacuo gave a residue 
which was tested for its restoration properties. The results 
(Table I) show that whereas the activity of the crude lipide is 
completely destroyed by the alkali treatment and more than 50 
per cent is destroyed by the acid, tocopherol is unaffected by 
either treatment. These findings demonstrate that the reactiva- 
tion effect of the crude lipide residue is not caused by the pres- 
ence of tocopherol, and that the normal activity of tocopherol is 
not in turn due to contamination by the lipide “cofactor.” This 
receives further support from the fact that synthetic dl-a- 
tocopherol has restoration activity comparable to the natural 
d-enantiomorph (3). 

Extraction and Purification of Lipide Cofactor—Bovine heart 
muscle was used as source material for the extraction and 
purification of the lipide cofactor in view of its availability in 
large quantities and ability as a boiled homogenate to restore 
the activity of isooctane extracted cytochrome c reductase (3). 
Table II summarizes the steps in the purification procedure 
starting with 113 kilos of beef heart? from which most of the 
exterior fat, connective tissue, interior valves and gristle had been 
removed. 

The stripped beef heart, which had been passed through a 
meat grinder and stored at —15°, was thawed and homogenized 
with acetone in a Charlotte colloid mill in three batches each of 
38 kilos per 133 liters of acetone. The resulting homogenate 
(Fraction 1) was filtered through large Nutsche vacuum filters 
coated with Celite 545 and the collected precipitate or filter 
cakes dried under vacuum for at least 8 hours at room tem- 
perature in a Stokes vacuum oven. The acetone filtrate (440 
liters) was mixed with 170 liters of water, extracted with 170 
liters of n-hexane in a Sharples Centactor liquid extractor for 2 
hours and concentrated in a yellow grease (Fraction 2) by 
vacuum distillation at temperatures which did not exceed 30°. 
The above filter cakes were extracted by pouring with 132 
liters of n-hexane for 15 minutes, filtering through Celite 545 as 
above, and repouring the resulting filter cakes two additional 
times as above with fresh changes of n-hexane. The combined 
hexane extracts were concentrated to a yellow grease (Fraction 
3) by vacuum distillation as above. Fractions 2 (4 kilos) and 
3 (5.8 kilos) having approximately the same activity in the 
restoration of isooctane extracted cytochrome c reductase, were 
combined and extracted with absolute ethanol in proportions of 
1 kilo of concentrate per 30 liters of alcohol. The white, in- 
active precipitate which appeared in the ethanol solution was 
removed by filtration and discarded. A solution of 0.1 m CaCl, 
was then added to the clear yellow ethanol filtrate until the salt 


2 We are indebted to the Grasseli Chemicals Department of E. 
I. DuPont de Nemours and Company for their invaluable aid and 
use of pilot plant facilities in the early stages of purification. 
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TaBLeE I 
Effect of hydrolysis on tocopherol and lipide cofactor reactivation of 
isooctane-eztracted particulate rat muscle DPN- 
cytochrome c reductase 











DPN-cytochrome ¢ reductase 
4 Ewomy/2 min. X 10° 
Enzyme 
Before Alkaline Acid 
hydrolysis |hydrolysis |hydrolysis 

Unextracted enzyme 131 
Extracted enzyme 17 
Extracted enzyme + a-tocopherol 120 120 120 
Extracted enzyme + lipide cofactor 115 20 58 














Test system as previously described (2, 3). 
cedure indicated in text. 


Hydrolysis pro- 


TaB_e II 


Summary of purification of the lipide cofactor from 
bovine heart homogenates 














ug. for 50 per Per cent 
Fraction cent saturation | -ecover 
ay by weight 
1. Bovine heart homogenate 2213 100 
2. Concentrated hexane extract of acetone 200 
filtrate 
3. Concentrated hexane extract of acetone 5.2 
filter cakes 240 
4. Yellow oil from ethanol fractionation 218 2.3 
5. Charcoal treatment 10 | 0.9 





Particulate rat muscle DPN-cytochrome c reductase served as 
test system (2, 3). 


solution constituted 12 per cent of the total volume. A heavy 
yellow oil layer (Fraction 4) was formed at room temperature 
and this was separated from the aqueous ethanol in a Sharples 
continuous supercentrifuge and stored at —15°. Subsequent 
fractionation was carried out in the laboratory as described 
below. 

The acid-treated coconut charcoal was pooled with absolute 
ethanol and poured into a standard 50 ml. burette to form a 
column 25 cm. high. The alcohol was removed by washing 
with 100 to 200 ml. of petroleum ether. The yellow oil (Frac- 
tion 4, 200 mg.), dissolved in 2 ml. of petroleum ether, was 
placed on the column. The active lipide was eluted with 50 to 
100 ml. of chloroform-petroleum ether (50 per cent volume for 
volume) using a flow rate of approximately 1 ml. per minute. In 
order to obtain large quantities of the purified lipide, the chro- 
matography procedure was scaled up on a volume basis 10- to 
50-fold, maintaining the same ratio of height to diameter. The 
eluate was evaporated to dryness to yield a colorless, transparent 
oil (Fraction 5) which represented a 200-fold purification over the 
crude homogenate with a recovery of approximately 1 per cent 
by weight. Starting with Fraction 4 the charcoal procedure has 
yielded preparations which could half-saturate the isooctane- 
extracted cytochrome c reductase at 5 yg. in contrast to the 45 
to 50 ug. of d-a-tocopherol required for the same effect (Fig. 1). 

It has been observed with a number of small scale prepara- 
tions that Fractions 1 through 3 as well as the crude lipide 
residue obtained by isooctane extraction of the cytochrome c 
reductases from rat skeletal muscle and bovine heart muscle 
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may actually cause complete inhibition of these enzyme systems. 
However, alcohol fractionation of the lipide fractions as de- 
scribed in the preparation of Fraction 4 above, yielded fully 
active lipides. The inhibition is tentatively attributed to the 
presence of long chain fatty acids which are relatively insoluble 
in ethanol and are removed by the alcohol fractionation. As 
shown (7) a number of fatty acids are potent inhibitors of 
cytochrome c reductase. 

Characterization of the Lipide Cofactor—The purified lipide 
(Fraction 5) contains no vitamin E as determined by paper 
chromatography methods (8, 11) performed in conjunction with 
a modification of the ferric chloride-a-a-bipyridyl method of 
Emmerie and Engel (12). Tocopheroxide and tocopheryl- 
quinone were shown to be absent by the HCl-ascorbiec acid 
reduction procedure (10). Further evidence for the absence of 
vitamin E was confirmed by a modification of the Furter and 
Meyer nitric acid oxidation method (13). 

The lipide is only slightly soluble in ethanol and very soluble 
in all fat solvents tested including ether, petroleum ether, 
hexane, chloroform, carbon tetrachloride and carbon disulfide. 
If solidifies at temperatures below 20°. Elementary analysis 
indicated the presence of carbon, hydrogen and oxygen. The 
per cent C and per cent H respectively obtained for three different 
specimens were: 76.94, 11.94; 76.88, 11.98; and 76.58, 11.92. 
The average of the three values is 76.73 for C and 11.95 for H. 
The molecular weight obtained by the Rast-camphor method 
was 800. The presence of unsaturation in the lipide was in- 
dicated by its decoloration of permanganate solution and by its 
rapid uptake of bromine without the evolution of hydrogen 
bromide. Titration with standard bromine solution (1.03 
equivalents required) indicated that the cofactor had only one 
double bond in a molecular weight of 800. The lability of the 
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lipide to acid and alkali hydrolysis suggested the presence of an 
ester linkage, and this was supported by its infrared spectrum 
which showed characteristic strong bands at 1742 (sharp) and 
1162 (broad) em.-! in chloroform. These bands appeared at 
1748 and 1156 cm.~ in CS, solution. The absence of OH 
groups was indicated by lack of absorption in the 3600 cm. 
region in CHCl;, CS: or CCl, solutions. 

Saponification of Lipide and Identification of Alcohol Com- 
ponent—The purified lipide (Fraction 5) was hydrolyzed with 
25 per cent aqueous KOH in a boiling water bath for 4 to 6 
hours, cooled, and extracted with ether. Upon evaporation (at 
40°) of the ether fraction no residue was observed, suggesting a 
water soluble alcohol. The reaction mixture was acidified with 
HCl and reextracted with ether. The aqueous layer was then 
made strongly alkaline with NaOH and shaken with benzoyl 
chloride (Schatton-Baumann reaction) (14). The derivative 
that precipitated was isolated and recrystallized several times 
from petroleum ether to a constant melting point (72-73°, 
uncorrected). The compound was identified as glycerol tri- 
benzoate by comparison with authentic material which had the 
same melting point and gave no melting point depression on 
mixing. Finally the infrared spectra (in chloroform solution) 
of the derivative and of authentic glycerol tribenzoate were 
superposable. 

Identification of Fatty Acid Components—The ether extract of 
the HCl acidified hydrolysate (described in the preceding section) 
was evaporated to dryness and the residue recrystallized several 
times from aqueous ethanol. The wide melting range of the 
crystals as well as the indefinite melting point of the amide and 
anilide derivatives prepared via the acid chlorides (14), indicated 
a mixture of acids. 

From another batch of acidified hydrolysate the ether extract 
residue was separated into its fatty acid components by a 
reversed phase partition chromatography procedure essentially 
as described by Howard and Martin (15), except that 90 per 
cent aqueous methanol saturated with n-octane as the mobile 
phase, and n-octane saturated with 90 per cent aqueous methanol 
(the less polar of the two phases) as the stationary phase were 
employed. The elution patterns of authentic palmitic, stearic 
and oleic acids, and that of the acid mixture from the hydrolyzed 
lipide cofactor are shown in Fig. 2. Parts A and B of Fig. 2 
show that oleic and palmitic acids are eluted together whereas 
stearic acid can be separated as an individual peak. The 
elution pattern of the acids from the hydrolyzed cofactor (shown 
in Part C of Fig. 2) indicates the presence of stearic acid as well 
as either palmitic or oleic acids or both. 

A suitable aliquot of the crude acid mixture from hydrolysis 
was hydrogenated as follows. The acid mixture was dissolved 
in absolute ethanol, Pd-asbestos catalyst was introduced and 
H: gas was bubbled through the solution for 2 hours. The 
volume was kept constant by occasional introduction of more 
ethanol. After filtration and concentration of the filtrate with a 
jet of warm air a suitable aliquot was chromatographed as 
before. 

The elution pattern after hydrogenation (Part D, of Fig. 2) 
shows an approximately 1:2 ratio of the palmitic-oleic acid 
composite band to the stearic acid band, as compared to a 2:1 
ratio before hydrogenation (Part C of Fig. 2). This situation 
could occur only if palmitic, oleic and stearic acids were originally 
present in equimolar amounts since hydrogenation of oleic acid 
produces stearic acid. Interestingly, parts A and B of Fig. 2 
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show that there are substantial (up to 30 per cent) acid im- 
purities in the commercial palmitic, oleic and stearic acids used 
as standards. In sharp contrast the acids from the hydrolyzed 
lipide contain only a small concentration of acid impurities. 
On the basis of the yield (93 per cent) of crude acid mixture 
from the hydrolysis and the recovery (90 per cent) from the 
partition chromatography procedure, at least 84 per cent of the 
purified lipide (Fraction 5) can be accounted for as the mixed 
triglyceride. 

Further evidence for the presence of palmitic, oleic and 
stearic acids in equimolar quantities in the hydrolyzed lipide 
was provided by countercurrent distribution studies.’ With 
a solvent system of isooctane equilibrated with an equivolume 
mixture of glacial acetic acid, acetonitrile and formamide (a 
modification of the solvent system of Ahrens and Craig (16) the 
hydrolyzed lipide was separated into four fractions (in a Craig 
Extractor). Fraction A was stearic acid and amounted to ap- 
proximately 25 per cent of the total. It had a melting point of 
69-70° (uncorrected) an iodine number of essentially zero, and 
a molecular weight of 288 (determined by alkaline titration, 
calculated 284). Fraction B was the largest representing 55 to 
65 per cent of the total with an iodine number of 48 to 50. In 
the solvent system used, palmitic and oleic acids have the same 
partition coefficient. The saturated and unsaturated fatty 
acids of this fraction were separated by crystallization at —20° 
from acetone, and the saturated fraction identified as palmitic 
acid by melting point determination (61.5-62.5°, uncorrected) 
and partition coefficient. The unsaturated acid was identified 
as oleic by partition coefficient, iodine number and oxidation 
with alkaline permanganate to form a dihydroxy compound, 
melting point 129-130° (uncorrected). This is the same as the 
value given in the literature for dihydroxy stearic acid (132°) 
(17). Fraction C was indicated to be myristic acid by its 
partition coefficient. Fraction D was not characterized but 
probably contained highly unsaturated fatty acids such as 
arachidonic and linolenic. These last two fractions comprised 
5 to 15 per cent of the total fatty acids depending upon the 
preparation used. The evidence presented thus far identifies 
the lipide cofactor as a mixed triglyceride with stearic, oleic and 
palmitic acid components. The calculated analyses for this 
compound (CssHiO¢) is C, 76.64 and H, 12.09 which are in good 
agreement with the experimental values (average) C, 76.73 and 
H, 11.95. 

Active Synthetic Triglycerides—Several biologically active 
triglycerides have been synthesized. For the preparation of 
glycerol monooleate, -palmitate and -stearate, commercial 
glycerol-1-monooleate was refluxed for 1 hour in benzene solu- 
tion with equimolar quantities of palmity] chloride and stearyl 
chloride. The solution was washed with water and cold dilute 
NaOH, and the benzene layer separated and evaporated. The 
resulting residue was triturated with ice-cold petroleum ether 
and filtered from the insoluble byproducts. The filtrate was 
evaporated and the enzyme reactivation activity assayed. The 
petroleum trituration was repeated until the soluble material 
had constant enzymatic restoration activity. The material 


3 The countercurrent distribution studies as well as characteri- 
zations of the fractions in terms of iodine numbers, molecular 
weight and melting point determinations, and alkaline perman- 
ganate oxidations were kindly performed by Dr. John G. Coniglio 
of the Department of Biochemistry of Vanderbilt University. 
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Fig. 2. Identification of the fatty acid components of lipide 
“cofactor”? by reversed phase partition chromatography. The 
column was prepared by stirring 8 gm. of Kieselguhr with 7.2 ml. 
of the less polar phase until a homogenous powder was obtained. 
This was poured with the more polar phase and packed into a 
standard 10 X 300 cm. Lieberg condenser with the aid of a per- 
forated stainless steel plunger. Stationary phase, n-octane satu- 
rated with 90 per cent aqueous methanol; moving phase, 90 per 
cent aqueous methanol saturated with n-octane. Ambient tem- 
perature 38°. IMP, impurities; P, palmitic acid; 8, stearic acid; 
OL, oleic acid. 1.6 ml. fractions were collected and titrated with 
standard alkali with bromothymol blue as indicator. Reduction 
was performed by bubbling hydrogen through an ethanol solution 
of the acids for 2 hours with palladium asbestos in a 100 ml. gradu- 
ate cylinder. Parts A and B show the elution patterns of au- 
thentic palmitic, stearic and oleic acids. Parts C and D demon- 
strate the elution patterns of the acids from the hydrolyzed 
“cofactor” before and after hydrogenation. 


was dissolved in fresh petroleum ether and chromatographed on 
an alumina column with petroleum ether as the eluent. After 
this treatment the synthetic lipide is comparable in activity 
(10 yg. for 50 per cent saturation of the enzyme system) to that 
of the natural lipide cofactor. The synthetic lipide was saponi- 
fied and the acid fraction subjected to partition chromatography 
exactly as before. The fatty acid elution pattern was essentially 


the same as that from the natural lipide (Fig. 3); the ratio of the 
palmitic-oleic acid component peak to the stearic acid peak was 
2.3:1. 
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Fia. 3. Identification of the fatty acid components of synthetic 
lipide ‘“‘cofactor” glycerol monooleate, -palmitate, and -stearate 
by reversed phase partition chromatography. After saponifica- 
tion of the triglyceride the acid fraction was subjected to partition 
chromatography as described in Fig. 2. 








TaBe III 
Reactivation effects of natural and synthetic triglycerides 
Be. oo 50 per Per cent 
Compounds oe ppm a 
¢ reductase tion 
d-a-Tocopherol 45-50 100 
Natural lipide “cofactor” 7-10 100 
Synthetic glycerol monostearate, -oleate, 10-12 100 
-palmitate 
Synthetic glycerol monostearate dipalmi- 56 92 
tate 
Synthetic glycerol monolaurate dipalmi- 50 89 
tate 











Test system is described under ‘“‘Materials and Methods.”’ 


Two other triglycerides were prepared essentially by the 
same procedure described above. These are tentatively identi- 
fied as glycerol dipalmitate-monostearate and glycerol dipal- 
mitate-monolaurate, and the assay in Table III shows they are 
also biologically active, though to a lesser extent than is the 
lipide cofactor. All starting materials used in the syntheses 
were shown by assay to be inactive. 


DISCUSSION 


The preceding experimental evidence identifies the lipide 
“cofactor” from bovine heart muscle as glycerol monostearate, 
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-oleate, -palmitate, but the position of the acid moieties with 
respect to one another is not known. As shown in Table II of 
the following paper (7), triolein can reactivate the enzyme. 
However, tristearin and tripalmitin, individually or in various 
combinations, were without effect. Yet the synthetic tri- 
glyceride, glycerol monostearate, dipalmitate gave excellent 
restoration (Table III). By analogy, this suggests that the 
activity of the lipide cofactor cannot be attributed to a mixture 
of tristearin, tripalmitin and triolein. Further support stems 
from the observation that glycerol monolaurate, dipalmitate is 
active (Table III), whereas various mixtures of trilaurin and 
tripalmitin were not. Obviously, the mixed triglyceride is not 
unique since biological activity is exhibited by other synthetic 
triglycerides and even by simple esters and other substances (7). 
However, the possibility has not been completely discounted 
that biological activity may also reside with impurities, even 
though they might be present only in small amounts. 

The important biological question is to reconcile the fact that 
such structurally unlike molecules as vitamin E, fats, and simple 
esters all have the same effect in restoring isooctane-extracted 
cytochrome c reductase. The evidence presented in the fol- 
lowing paper (7) shows that these substances are apparently 
acting by potentiating the mobility or extractability of endog- 
enous vitamin E, thus releasing it to the active sites of the 
enzyme. Indeed, inactive enzyme preparations can now be 
obtained whose activity can be restored specifically by the 
tocopherols, lending further support for tocopherol as a co- 
factor of cytochrome c reductase (18, 7). 


SUMMARY 


The lipide “cofactor” present in the crude residue from 
n-hexane extraction of bovine heart muscle has been purified 
200-fold by alcohol fractionation and charcoal chromatography. 
It is 20 times more effective than vitamin E in reactivation of 
isooctane-extracted cytochrome c reductase. Although the 
crude lipide residue contains some vitamin E, the purified lipide 
does not. It shows infrared bands in chloroform solution at 
1742 and 1162 cm. characteristic of an ester linkage, and in 
contrast to tocopherol is labile to acid and alkali hydrolysis. 
Saponification yields glycerol as the alcohol component char- 
acterized by conversion to the tribenzoate shown to be identical 
(melting point, mixed melting point and infrared spectrum) 
with an authentic specimen. The acid components were 
identified as stearic, palmitic and oleic (in equimolar amounts) 
by partition chromatography and countercurrent distribution 
techniques. These results as well as analytical and molecular 
weight data indicate the lipide ‘cofactor’ is the corresponding 
mixed triglyceride. Chemical synthesis of such a triglyceride 
yielded material essentially identical to the lipide cofactor with 
respect to biological activity and other criteria. Two other 
mixed triglycerides were synthesized and shown to have some 
biological activity. The indirect role of the active lipides by 
releasing endogenous vitamin E of the cytochrome c reductase 
to the “active sites’ of the enzyme is supported by evidence 
presented in the following paper (7). 
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The loss in activity of the diphosphopyridine nucleotide 
(DPN)! and succinate-cytochrome c reductases resulting from 
isooctane extraction or aging of rat skeletal muscle and bovine 
heart muscle preparations can be restored by the addition of a 
number of substances. These include: (a) tocopherol (1-4), (6) 
high concentrations of bovine serum albumin in view of the 
presence of a lipide bound to the albumin (5), (c) a hemelipide 
complex (3), and (d) a lipide “cofactor” in the residue obtained 
from vacuum distillation of the isooctane after extraction (1, 2). 
The latter has been identified as the mixed triglyceride, glycerol 
monooleate, -palmitate, and -stearate (6). Certain other di- and 
triglycerides and long chain fatty acids esters have also proved 
to be effective (4, 6). 

The experiments described in the present paper indicate that 
the reactivation of cytochrome c reductase by the above sub- 
stances can be ascribed to a release of the endogenous tocopherol 
of the preparation to the “active sites” of the enzyme. Ad- 
ditional data are provided which elaborate on preliminary 
reports (7-9), in support of a role of vitamin E as a cofactor in 
the terminal respiratory chain just before cytochrome c. The 
crude lipide residue obtained by isooctane extraction of cyto- 
chrome c reductase can now be shown to contain vitamin E, of 
which a significant quantity is the presumed tocophery! quinone. 
The progressive removal of tocopherol from the enzyme is 
accompanied by a corresponding loss in enzymatic activity; 
and cytochrome c reductase preparations which are inactivated 
under given conditions can be fully and specifically restored by 
the tocopherols. The elimination of an initial lag in the restora- 
tion effect by preincubation of the inactivated enzyme with 
tocopherol is also described. 


MATERIALS AND METHODS 


The particulate cytochrome c reductases from rat skeletal 
muscle and bovine heart muscle were prepared and assayed 
essentially as described (10). However, in order to facilitate 


* Contribution No. 228 of the McCollum-Pratt Institute. This 
investigation was supported in part by a research grant from the 
Muscular Dystrophy Associations of America, Inc. and by a 
research grant (No. RG-2332) from the National Institutes of 
Health, United States Public Health Service. 

t Postdoctoral Fellow of The McCollum-Pratt Institute. 
Present address, National Institutes of Health, Bethesda, Mary- 
land. 

1 The abbreviations used are: DPN and DPNH, oxidized and 
reduced diphosphopyridine nucleotide, respectively; TPN and 
TPNH, oxidized and reduced triphosphopyridine nucleotide, 
respectively. 
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the fractionation of large volumes of the enzyme, the particulate 
fraction (Fraction II (10)) was sedimented at 25,000 x g for 45 
minutes in the Servall refrigerated centrifuge or at 40,000 x g 
in the Sharples continuous supercentrifuge with a flow rate of 
approximately 50 ml. per minute instead of at the usual 
144,000 x g. Homogenization of the particulate rat or bovine 
enzyme with a 2 per cent instead of the usual 4 per cent digitonin 
suspension (10) yielded 75 to 100 per cent of the DPN-cyto- 
chrome c reductase and frequently the same recovery of suc- 
cinate-cytochrome c reductase in the clear supernatant solution 
after centrifugation at 25,000 x g for 1 hour. The various 
tocopherols and their derivatives used in this study were gen- 
erously supplied by the Distillation Products Division of the 
Eastman Kodak Company. Ethyl stearate, ethyl palmitate, 
glycerol dipalmitate, and tristearin were obtained from 
Matheson, Coleman and Bell, Inc. Trilinolein, triolein, and 
synthetic corn oil were kindly provided by Merck and Company, 
Inc., Chemical Distillation Division. n-Butyl stearate was 
obtained from the Eastman Organic Chemicals Department and 
vitamin K, from the Nutritional Biochemicals Corporation. 
Digitonin was made available through the generosity of Merck 
and Company, Inc. and was also obtained from Fisher Scientific 
Company. Crystalline bovine serum albumin was supplied by 
Armour and Company and spectral grade isooctane (2,2,4- 
trimethylpentane) by the Phillips Petroleum Company. 

Tocopheroxide was prepared by ferric chloride oxidation of 
tocopherol in the presence of 2,2’-dipyridyl according to the 
method of Boyer (11). Preparation and assay of the tocopherols 
and other lipide suspensions in the cytochrome c reductase 
system were as previously described (2, 6). Protein was deter- 
mined by the procedure of Lowry et al. (12). 

Extraction and Determination of Tocopherol—Large quantities 
of enzyme (100 to 500 ml.) were extracted by shaking the 15 to 
25-fold purified particulate fraction for 1 minute with an equal 
volume of cold spectral grade isooctane followed by centrifuga- 
tion at approximately 2000 x g for 5 minutes in the cold. The 
isooctane was decanted and the extraction procedure repeated 
(2 to 6 times) until the DPNH cytochrome c reductase activity 
was decreased by at least 70 to 80 per cent of the original activity. 
The combined isooctane extracts were evaporated at approxi- 
mately 50° in vacuo, the resulting lipide residue (100 to 300 
mg.) taken up in 10 ml. absolute ethanol, and saponified by 
refluxing with an equal volume of 20 per cent KOH for 30 
minutes. The nonsaponifiable fraction was obtained by first 
diluting with approximately 100 ml. of H.O followed by ex- 
tracting three times with 30 to 50 ml. of petroleum ether. The 
combined petroleum ether extracts were washed three times 
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with approximately 100 ml. distilled water, dried with anhydrous 
sodium sulfate, evaporated to dryness and the residue taken up 
in 10 ml. absolute ethanol. Tocopherol was determined by a 
modification of the iron chloride-bipyridyl method of Emmerie 
and Engel (13). The following procedure was routinely used: 
To an appropriate volume of absolute ethanol, ultimately re- 
sulting in a final reaction volume of 4.0 ml., were added a suit- 
able aliquot of the sample (0.3 to 2.5 ml.), 0.2 ml. of 0.2 per cent 
ferric chloride in ethanol, followed by 0.2 ml. of 0.5 per cent 
bipyridy] in ethanol. Upon addition of the latter reagent, the 
mixtures were immediately placed in the dark (in a light-proof 
box), and after 10 minutes, the intensity of the bright red color 
was measured in the Klett-Summerson colorimeter with a 540 
my green filter. The paper chromatographic procedure of 
Green et al. (14) confirmed that the a-tocopherol content of the 
samples was responsible for the above color development. A 
naturally occurring substance, presumably tocopheryl quinone, 
in the nonsaponifiable fraction was converted to a-tocopherol by 
the HCl-ascorbic acid reduction procedure recently described by 
Harrison et al. (15) and measured as above. 

The tocopherol and presumed tocopheryl quinone remaining 
in the isooctane-extracted enzyme was determined in the non- 
saponifiable fraction of the lipide residue obtained by extraction 
of the trichloroacetic acid precipitate of the preparation with a 
3:1 solution of absolute ethanol-petroleum ether for 18 to 24 
hours in a Soxhlet apparatus. 


RESULTS 


Tocopherol Content of Particulate Enzyme Preparations—The 
results of Table 1 demonstrate that 3 to 17 per cent of the total 
vitamin E of the rat skeletal muscle and bovine heart muscle 
particulate preparations are removed by isooctane extraction 
with a concomitant loss of approximately 90 per cent of the 
DPN-cytochrome c reductase activity. Most of the vitamin 
E removed from the rat skeletal muscle preparation by isooctane 
extraction was as the presumed tocopheryl quinone, whereas in 
the case of bovine heart muscle it was virtually all in the form 
of tocopherol. In terms of total vitamin E, the bovine heart 
muscle system contains twice as much as the rat skeletal en- 
zyme on a protein basis, with a larger proportion of tocopherol 
to presumed quinone. The question as to how much of the 
presumed quinone could have arisen from oxidation of tocopherol 
during the handling and extraction of the enzyme is unanswered. 

The earlier failure to detect vitamin E in the crude lipide 
residue obtained by isooctane extraction of the rat skeletal 
muscle enzyme (2) was due to the low concentration of toco- 
pherol, especially as compared to total lipide, and the fact that 
most of it was present as the presumed quinone. In the present 
experiments, however, the use of large quantities of enzyme 
(100 to 500 ml.) instead of the formerly small volumes (15 to 
50 ml.), as well as the recently described HCl-ascorbie procedure 
for converting tocopheryl quinone to tocopherol (15), made it 
possible to determine tocopherol in the lipide residue obtained 
by isooctane extraction. The concentration of total vitamin E 
in the lipide residue is approximately 0.1 per cent. 

Other Active Lipides—In view of the identification of the beef 
heart lipide cofactor as the mixed triglyceride, glycerol mono- 
oleate, -palmitate, and -stearate (6), other lipides, especially 
glycerides and fatty acid esters, were examined for their restora- 
tion effect. More than 100 different substances were tested 
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TaBLe [ 


Tocopherol content of particulate enzyme preparations from rat 
skeletal muscle and bovine heart muscle 


umole Tocopherol per gm. protein 














Isooctane extracted Remaining 
Preparation | Total® 
| Before |AfterHC1A.| Before |After HCl A. 
reduction A. reduction | reduction | A. reduction 
| | 
Rat skeletal mus- | | | | 
cle enzyme | 
1 | 0.18 | 0.42 | 0.82 | 4.08 | 4.5 
2 | 0.08 | 0.16 | 0.75 | 4.94 | 5.1 
3 | 0.18 | 0.90 | 1.55 | 4.30 | 5.2 
Bovine heart mus- | 
cle enzyme | | 
1 | 1.83 | 1.60 4.44 | 8.40 | 10.0 
2 | 1.88 | 1.65 | 5.68 | 9.65 | 11.3 
3 | 1.55 1.57 3.70 | 8.43 | 11.0 
| 





The tocopherol remaining in the enzyme preparations after 
isooctane extraction was determined in the nonsaponifiable frac- 
tion of the total lipide (8) by the procedures already indicated 
under ‘‘Material and Methods.’’ 

* Calculated by summation of the values for ‘‘Isooctane ex- 
tracted’? and ‘‘Remaining’’ tocopherol after HCl-ascorbiec acid 
reduction. 


including steroids, fat-soluble vitamins, antioxidants, phos- 
pholipides, mono-, di-, and triglycerides, and other esters (2). 
As shown in Table II, less than 15 of these had significant bio- 
logical activity. Tocopherol, the natural and synthesized co- 
factor, glycerol-monostearate dipalmitate, glycerol-monolaurate 
dipalmitate, palmitolinolein, n-butyl stearate, and synthetic corn 
oil completely or almost completely reactivated the particulate 
enzyme. Food substances such as cream, butter, milk, and 
oleomargerine were partially effective. Of some interest are the 
observations that a number of saturated simple esters including 
n-butyl stearate, ethyl stearate, ethyl palmitate, and ethyl 
myristate showed significant activity. On the other hand, some- 
what similar molecules such as methyl stearate, methyl palmitate, 
and methyl linoleneate as well as tristearin, tripalmitin and 
glycerol monooleate were completely inert. The fatty acids 
lauric, stearic, palmitic, butyric, and myristic were inhibitory in 
that they resulted in a marked decrease in the reduction of 
cytochrome c reductase by DPNH and succinate in the presence 
of the unextracted or extracted enzyme. 

Interrelationship between Tocopherol and Active Lipides—Ap- 
parently the small quantity of total tocopherol in the crude 
lipide residue (0.03 vitamin E per 30 mg. of rat lipide) which 
restored 50 per cent of the cytochrome c reductase cannot 
account for enzymatic reactivation since 45 to 50 of p-a-tocoph- 
erol are necessary for the same effect (2). It is possible, 
however, that the tocopherol was originally present at the 
“active enzyme sites” before isooctane extraction. In order to 
return it to the active sites, considerably more tocopherol must 
be added to the reaction mixture than was originally removed 
from the enzyme by isooctane extraction. The fact that 
structurally dissimilar molecules such as the tocopherols and 
certain glycerides and fatty acid esters reactivate isooctane- 
extracted particulate cytochrome c reductase which still has 
approximately 90 per cent of its original vitamin E suggested 
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TasLe II 


Restoration effect of certain substances on isooctane extracted 
particulate rat skeletal muscle cytochrome c reductase 
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TasBLeE III 


Effect of various lipides on the subsequent release of tocopherol by 
isooctane extraction of particulate bovine heart enzyme 








Substance pa had EE fle 
p-a-Tocopherol 45-50 100 
Natural lipide “cofactor” 7-10 100 
Synthetic lipide “cofactor” 10-12 100 
Synthetic glyceroi-monostearate 56 92 

dipalmitate 
Synthetic glycerol-monolaurate 50 89 
dipalmitate 

Triolein ll 76 
Tristearin Inactive 
Tripalmitin Inactive 

Trilaurin Inactive 

Trilinolein 23 50 
Palmitolinolein 7 82 
1,3-Diolein 29 72 
Cream 29 43 
Pet milk 19 66 
Butter 17 31 
Oleomargarine 20 70 
Synthetic corn oil 11 82 
n-Butyl stearate 19 95 
Ethyl] stearate 20 55 
Ethyl palmitate 23 50 
Ethyl myristate 58 59 
Glycerol monooleate Inactive 

Methy] stearate Inactive 

Stearic acid Inhibitory 

Palmitic acid Inhibitory 

Myristic acid Inhibitory 

Lauric acid Inhibitory 

Butyric acid Inhibitory 











Test system as previously described (2, 6). 
In general all materials were tested initially at a concentration 
of 0.5 mg. per ml. 


the following relationships. Addition of the lipide cofactor or 
of certain other effective esters might replenish the active sites 
of the extracted enzyme by releasing to them some of the re- 
maining endogenous tocopherol, perhaps from a “bound form.” 
This would be the same as adding sufficient tocopherol to the 
system, thus ascribing the activity of the effective esters directly 
to tocopherol. A partial test of this hypothesis would be an 
examination of the effects of various lipides in potentiating the 
removal of tocopherol from the enzyme by isooctane extraction. 
The data of Table III indicate that the addition of the lipide 
“cofactor” or other active substances including n-buty] stearate, 
ethyl stearate, butter, and oleomargerine result in a 2- to 5-fold 
release of tocopherol and presumed tocopheryl quinone as com- 
pared with the control. Inactive compounds such as glycerol 
dipalmitate, tristearin, tripalmitin, lauric acid and glycerol 
monostearate (not shown) failed to potentiate the removal of 
tocopherol by subsequent isooctane extraction. The difference 
in the amounts of vitamin E extracted in Experiment 1 as 
compared to Experiment 2 (Table III) is probably due to the 
fact that (a) in Experiment 2, 2 gm. of each substance were 
used instead of 1.5 gm. as in Experiment 1, and (6) the enzyme 








Effect in umole of tocopherol extraction 
restoration of 
cima Guncton Before a. 
enzyme reduction yeducticn 
Experiment 1 

EtOH-albumin (con-| Inactive 0.07 0.33 

trol) 
Glycerol dipalmitate Inactive 0.09 0.36 
Tristearin Inactive 0.09 0.35 
Purifiedlipide “cofactor”’| Active 0.16 1.86 

(from beef heart mus- 

cle) 
Oleomargarine Active 0.27 1.09 
n-Butyl stearate Active 0.14 0.65 

Experiment 2 

EtOH-albumin (con-| Inactive 0.28 

trol) 
Laurie acid Inactive 0.20 0.37 
Tripalmitin Inactive 0.33 
Lipide “cofactor” Active 0.81 1.50 
Butter Active 0.65 1.00 
Ethyl stearate Active 0.53 1.11 














1.5 gm. of each substance was homogenized with 20 ml. of 15 
per cent ethanol-0.2 per cent bovine serum albumin in a Ten 
Broeck homogenizer and added to 100 ml. each of particulate bo- 
vine heart enzyme in two separate portions. After each addi- 
tion, the enzyme was extracted twice with an equal volume of 
cold isooctane in the usual manner (2). The combined isooctane 
extracts were evaporated in vacuo, the lipide residue taken up in 
absolute ethanol, and tocopherol determined in the nonsaponifi- 
able fraction as described. 


preparation of Experiment 2 was older than that of Experi- 
ment 1. 

Successive isooctane extraction of the particulate bovine or 
rat enzyme is accompanied by a progressive removal of vitamin 
E as well as a corresponding decrease in DPN-cytochrome c 
reductase activity (Table IV). The data of Table IV also 
demonstrate that even after previous isooctane extraction, 
treatment of the enzyme with the lipide cofactor resulted in a 
greater removal of tocopherol by subsequent isooctane extrac- 
tion. This was accompanied by a marked loss of cytochrome c 
reductase activity which could be restored only in part by added 
tocopherol. The failure to attain full reactivation may be due 
to denaturation of the apo-enzyme or to a removal possibly of 
other essential lipides. As shown, if the lipide cofactor is added 
to the bovine heart enzyme after six extractions and then ex- 
tracted three more times to make a total of nine extractions, 
the amount of tocopherol (and presumed quinone) removed and 
the loss in enzymatic activity are greater than if the system 
had been extracted 12 times without exposure to the lipide 
cofactor. 

Fig. 1 illustrates the effect of increasing concentrations of 
lipide cofactor on the subsequent removal of vitamin E from 
particulate bovine heart enzyme by isooctane extraction. In- 
creasing amounts of lipide up to 1 gm. potentiate a progressively 
greater release of tocopherol from the enzyme. However, con- 
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TaBie IV 


Relationship of particulate DPN-cytochrome c reductase activity 
to vitamin E content of the enzyme 




















Cytochrome c | 
reductase activity 
AEsso my per 2’ Per cent free | Per cent total 
No. of extractions X 108 tocopherol tocopherol 
remov removed 
Control |Tocopherol 
Bovine heart muscle 
enzyme 
0 142 180 
3 72 153 6.4 15.2 
6 39 121 7.6 23.2 
9 + “cofactor” 0 38 10.3 38.3 
9 5 82 9.0 31.9 
12 + “cofactor” oie 12.7 59.4 
12 0 68 10.1 39.0 
Rat muscle enzyme 
3 18 122 2.0 
6 + “cofactor” 11 79 5.7 
6 12 118 3.0 











The assay system and isooctane extraction procedure have al- 
ready been described under “Materials and Methods.’”’ After 
six extractions of the particulate bovine heart muscle enzyme 
(200 ml., approximately 1200 mg. protein) and three extractions 
of the rat preparation (200 ml., 400 mg. protein) each of the en- 
zymes were divided into 2 equal portions. To one portion 2 gm. 
of purified lipide cofactor in 40 ml. of 15 per cent ethanol —0.2 
per cent bovine albumin made up in the usual manner were added 
in 2 separate portions. After the first addition the mixture was 
extracted once with an equal volume of cold isooctane. The sec- 
ond portion (20 ml.) of lipide mixture was added and the enzyme 
mixture extracted two times as above. This then constitutes the 
9 + “cofactor” treatment for bovine heart muscle and the 6 + 
“cofactor” treatment for rat muscle enzyme, respectively. The 
pooled isooctane extracts were evaporated in vacuo, the lipide 
residue taken up in absolute ethanol and tocopherol determined 
in the nonsaponifiable fraction as indicated. Essentially the 
same procedure was used to determine the effect of the lipide “co- 
factor” on the bovine heart enzyme after nine extractions followed 
by three additional isooctane extractions (i.e. 12 + cofactor in 
the first column under bovine heart muscle enzyme). 


centrations of lipide cofactor greater than 1 gm. per 100 ml. of 
enzyme (about 600 mg. protein) are at saturation with respect 
to potentiating the removal of tocopherol by isooctane extraction. 
In contrast, Fig. 1 shows that there is a linear relationship be- 
tween all concentrations of lipide cofactor added and tocopheryl 
quinone released. 

An examination of the effect of increasing the time of exposure 
of the enzyme to the lipide cofactor (ranging from 2 to 45 min- 
utes) gave no differences in the amount of tocopherol or its 
presumed quinone removed by subsequent isooctane extraction 
(not shown). 

Tocopherol-Specific Cytochrome C Reductase—Earlier observa- 
tions indicated that isooctane extraction usually had little effect 
on the cytochrome c reductase activity of freshly prepared par- 
ticulate enzyme. However, after storage of the enzyme for 2 or 
more days at —15°, it was possible to lower the activity 75 to 90 
per cent with two to four extractions. Digitonin solubilization 
of 2 to 5 day-old particulate fractions yielded cytochrome c re- 
ductases whose activities were already partly lowered without 
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using isooctane. Generally a single isooctane extraction of such 
solubilized enzymes resulted in a marked decrease of the activity, 
followed by full reactivation by subsequent tocopherol addition. 
Such digitonin-solubilized and isooctane-extracted enzymes, used 
in the restoration specificity studies reported earlier (1, 2) re- 
sponded also to the lipide cofactor, n-butyl stearate, oleomar- 
garine, butter, synthetic corn oil, and to certain long chain fatty 
acid esters as indicated in Table II. Vitamin K, was one of the 
substances which was inactive (1, 2). With the isooctane-ex- 
tracted particulate enzyme, however, vitamin K, was fully active, 
but upon digitonin solubilization of the enzyme it no longer had 
restoring ability. It seemed possible that with the particulate 
enzyme vitamin K;, could be acting indirectly by potentiating 
the movement of endogenous tocopherol to the active sites of the 
enzyme. Upon solubilization with digitonin, perhaps sufficient 
tocopherol was lost from the enzyme so that vitamin K, no longer 
has a potentiation effect on the remaining endogenous tocopherol, 
although the lipide cofactor and other active substances still do. 
It might even be likely under the proper conditions to dissociate 
away enough of the endogenous tocopherol from the enzyme so 
that a greater specificity for restoration would occur. This was 
accomplished by aging isooctane-extracted particulate or digi- 
tonin-solubilized enzyme preparations of rat skeletal muscle or 
bovine heart muscle for approximately 3 to 14 days at —15° with 
daily thawing depending on the preparation, or for as much as 2 
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Fic. 1. Effect of addition of increasing amounts of lipide 
“cofactor”? on subsequent extraction of tocopherol and its pre- 
sumed quinone from particulate cytochrome c reductase. Por- 
tions (100 ml.) of particulate bovine heart muscle enzyme (about 
600 mg. protein) were mixed with one-half of the indicated amount 
of purified lipide cofactor suspended in ethanol-albumin and 
extracted two times with equal volumes of cold isooctane. After 
addition of the remaining half of the lipide “cofactor,” the mixture 
was extracted two additional times. The control represents the 
release of tocopherol and its quinone by isooctane extraction 
subsequent to the addition of ethanol-albumin only. Tocopherol 
and presumed tocopheryl quinone were determined as indicated 
in the lipide residue of the combined isooctane extracts after in 
vacuo removal of the isooctane. 
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Fia. 2. Effect of aging on specificity of restoration of isooctane extracted particulate cytochrome c reductase. A. Effect of various 
substances in restoring the DPN-cytochrome c reductase activity of a relatively fresh particulate rat skeletal muscle preparation 
which had been extracted 9 times with cold isooctane in the usual manner. B. Effect of the same substances after the 9 times iso- 
octane-extracted enzyme had been permitted to age for 1 week at —15° with daily thawing. The DPN-cytochrome ¢ reductase 
activity was determined as described using approximately 50 ug. of enzyme protein per reaction mixture. @——®@, d-a-tocopherol; 


A——A, purified lipide ‘‘cofactor’’; O——O, vitamin K3. 


weeks at 0°. Fig. 2A illustrates that the relatively fresh (4 days 
old) particulate rat muscle enzyme preparation lost vitually all 
its DPN-cytochrome c reductase activity upon isooctane extrac- 
tion and was fully restored by d-a-tocopherol, lipide “cofactor” or 
vitamin K;. After storage of the isooctane-extracted prepara- 
tion at —15° for 1 week with daily thawing, reactivation was 
accomplished only by tocopherol (Fig. 2B). Vitamin K, and 
lipide cofactor were no longer active. Essentially similar re- 
sults can be obtained with the succinate-cytochrome c reductase 
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Fic. 3. Specificity of restoration of aged, uneztracted, digi- 
tonin-treated, rat skeletal muscle DPN-cytochrome c reductase 
by tocopherol and other lipides. The cytochrome c reductase 
activity was determined in the usual manner using approximately 
100 ug. of enzyme protein, aged approximately 3 weeks at —15° 
with daily thawing. O——O, d-a-tocopherol; A——A, lipide 
“cofactor”; A——A, vitamin K,;; @——@, n-butyl] stearate. 


of rat skeletal muscle and bovine heart muscle using digitonin- 
solubilized, isooctane-extracted preparations that have been 
aged for 2 to 14 days at 0° or —15° with daily thawing. Prelim- 
inary experiments have indicated that particulate enzyme prep- 
arations homogenized with 2 per cent aqueous digitonin suspen- 
sions instead of the usual 4 per cent (1, 10) in a Ten Broeck glass 
homogenizer for 1 to 2 minutes can best withstand the above 
storage conditions. 

That isooctane was not acting as an enzyme inhibitor whose 
effect could be reversed by tocopherol was demonstrated by ex- 
periments where isooctane extraction was not employed. Fig. 3 
shows that by aging the digitonin-solubilized rat muscle enzyme 
for approximately 3 weeks at —15° with daily thawing the DPN- 
cytochrome c reductase activity can be decreased 75 to 80 per 
cent without isooctane extraction. The activity was then re- 
stored specifically by tocopherol. Vitamin K;, n-butyl stearate 
and lipide “cofactor” were ineffective. 

Additional data concerning the specificity of restoration of 
cytochrome c reductase are given in Figure 4. The §- and p- 
tocopherols were as effective as the a-form in reactivating the 
aged, isooctane-extracted, digitonin-treated bovine heart muscle 
DPN-cytochrome c reductase. Tocopheryl hydroquinone and 
tocopheroxide were partially (50 per cent) active and tocopheryl- 
quinone was totally inert. It is possible that the partial restora- 
ation effect of the hydroquinone and tocopheroxide may be 
indirectly due to the above described potentiation effect, and 
that with further dissociation of endogenous tocopherol from the 
enzyme, these compounds will no longer reactivate. Similar data 
have been obtained with the bovine succinate-cytochrome c re- 
ductase and the DPN- and succinate-systems of rat skeletal 
muscle. 

Vitamin E Release from Aged Enzymes by Lipides—The data in 
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Table IV demonstrated that the addition of the lipide cofactor 
or other active lipides to relatively fresh preparations of the rat 
muscle and bovine heart muscle enzymes potentiated the ex- 
tractability of two to five times more tocopherol and tocopheryl 


TABLE V 


Effect of lipides on release of tocopherol by isooctane extraction 
of aged soluble enzyme 























Activity umole Tocopherol removed by 
AEssomy per 2’ X 108 isooctane extraction 
DPNH- hi 7 
be mee ay apaeetion Pies Control Lipide 
Control | toco- tiple 
pherol Ea Quinone phere Quinone 
Bovine heart 
muscle enzyme 
1 20 123 0 0.26 | 0.35 | 0.25 | 0.92 
2 22 100 | 32 0.19 | 0.69 | 0.26 | 0.97 
Rat skeletal mus- 
cle enzyme 
1 12 80 | ll 0.74 | 0.00 | 0.74 | 0.65 
2 10 | 122 | 23* | 0.90 | 0.00 | 0.88 | 0.61 

















* n-Buty] stearate in place of lipide “cofactor.” 

2 gm. of purified lipide “cofactor” (or n-butyl stearate as indi- 
cated) were prepared in the usual manner and added to 100 ml. of 
enzyme, aged 1 to 2 weeks at —15° with daily thawing, in two 
separate portions. After each addition, the enzyme was ex- 
tracted twice with an equal volume of cold isooctane in the usual 
manner. Tocopherol was determined in the lipide residue after 
removal of the isooctane in vacuo as described. 
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Fic. 4. Specificity of restoration of aged, isooctane-extracted, 
digitonin-treated bovine heart muscle DPN-cytochrome c re- 
ductase by tocopherols and other lipides. The enzyme was aged 
by storing at —15° for about 2 weeks with daily thawing. The 
cytochrome c reductase activity was determined in the usual 
manner using approximately 60 yg. of enzyme protein per re- 
action mixture. The lipides were added in the usual ethanol- 
bovine serum albumin suspension. O——QD), a-tocopherol; 
O——O, 8-tocopherol; A——A, -tocopherol; —J——, toco- 
pheroxide, A——A, tocopheryl hydroquinone; @—— @, vitamin 
K,, n-butyl stearate, lipide ‘“‘cofactor,’’ and tocopheryl quinone. 
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MINUTES 
Fic. 5. Time course of restoration of aged digitonin-treated 
bovine heart muscle DPNH-cytochrome c reductase after dif- 
ferent times of preincubation of enzyme with d-a-tocopherol. 
The cytochrome c reductase activity was determined in the usual 
manner (10) using approximately 100 ug. of enzyme protein, 
aged at 0° for 1 week. 


quinone than the control or inactive lipides. With the above 
aged tocopherol-specific enzymes, however, the lipide “cofactor” 
and n-butyl] stearate, which are now ineffective in the restoration 
of cytochrome c reductase, no longer potentiate the extractability 
of d-a-tocopherol by subsequent isooctane treatment (Table V). 
On the other hand, they do release the presumed tocopheryl 
quinone; but as shown in Fig. 4 the quinone is completely inef- 
fective in the tocopherol-specific cytochrome c reductase prepara- 
tions. 

Abolition of Lag by Preincubation of Enzyme with Tocopherol— 
The occurrence of an initial lag period before maximal restoration 
in the rate of pig heart succinate cytochrome c reductase by 
d-a-tocopherol (3) was also observed with the bovine heart muscle 
and rat skeletal muscle DPN- and succinate-cytochrome c 
reductases. The lag is progressively abolished with increasing 
time of preincubation of the enzyme with d-a-tocopherol (Fig. 
5), B-tocopherol, or v-tocopherol (not shown). Preincubation of 
the enzyme or tocopherol with any other components of the 
reaction mixture (e.g. with cytochrome c, or KCN) failed to 
eliminate the lag. A preincubation period of about 5 to 10 min- 
utes of enzyme with tocopherol is necessary for elimination of 
the lag using the bovine heart DPN-cytochrome c reductase sys- 
tem (Fig. 5) or the succinate enzyme (9). 


DISCUSSION 


The present experiments offer further support for a role of 
vitamin E as a cofactor in the cytochrome c reductase portion of 
the terminal respiratory chain in mammalian skeletal and heart 
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muscle tissue. The past results (1, 2) demonstrating a competi- 
tive relationship of tocopherol with antimycin A, as well as the 
lack of an effect of isooctane extraction, antimycin A or added 
tocopherol when indophenol dye or ferricyanide (unpublished) 
served as the electron acceptor instead of added cytochrome c, 
implicated the site of action of tocopherol at a level just before 
cytochrome c. 

By separation of the principal cellular structures it was demon- 
strated that the DPN- and succinate-cytochrome c reductases 
exhibiting the tocopherol requirement have their origin in the 
mitochondria It has been possible by fractionation procedures 
to obtain the DPN-cytochrome c reductase and succinate cyto- 
chrome c reductase of rat skeletal muscle and bovine heart muscle 
as separate systems; and in some preparations having both ac- 
tivities, it can be shown at a given stage in purification that the 
DPN system already shows a tocopherol requirement while the 
succinate enzyme still does not (unpublished results). With fur- 
ther isooctane extraction and aging the succinate-cytochrome c 
reductase can now be inactivated and subsequently restored by 
tocopherol. 

The finding that only those lipides which are effective in reac- 
tivation of cytochrome c reductase also potentiate the mobility 
or extractability of the endogenous tocopherol of the enzyme 
points to a primary role for the vitaming This role appears to be 
that of a specific cofactor in cytochrome c reductase. The evi- 
dence favoring such a function includes the following: (a) tocoph- 
erol is found in the particulate rat skeletal muscle and bovine 
heart enzyme preparations at concentrations which are compar- 
able with other established cofactors. Bouman and Slater (16) 
already reported the presence of vitamin E, most of it as the 
presumed tocopheryl quinone, in a Keilin-Hartree heart muscle 
preparation. It has now been possible to show that highly pur- 
ified, soluble DPN-cytochrome c reductase fractions of bovine 
heart muscle, obtained by elution from calcium phosphate gel 
(10) contain vitamin E, the fractions with the highest specific 
activity having the highest isooctane-extractable vitamin E per 
mg. protein (17); (6) progressive inactivation of DPN-cyto- 
chrome c reductase by isooctane extraction or aging is accom- 
panied by a concomitant loss or dissociation of vitamin E from 
the enzyme; and (c) the enzyme is reactivated specifically by the 
tocopherols. 

Although tocopherol has been shown to function in catalytic 
amounts in the DPN-cytochrome c reductase system (2), there 
is no evidence thus far that it undergoes oxidation-reduction. If 
does serve as an electron carrier, it might do so by undergoing 
a reversible oxidation to the free radical state (18). The inef- 
fectiveness of the quinone and the partial activity of tocopher- 
oxide would tend to rule out these two oxidation states, It is 
quite possible that small quantities of tocopherol bound to the 
enzyme are functioning directly in electron transport. The elim- 
ination of the initial lag in reaction by preincubation with 
tocopherol indicates that this is the time necessary for either (1) 
activation of tocopherol possibly to some coenzyme form, or (2) 
association of tocopherol with the enzyme; 

While the electron carrier role is favored, the alternate possi- 
bility that tocopherol is functioning as a binding material or part 
of a lipide sheath that maintains other components of the electron 
transport system in proper relation to each other has not been 
eliminated. The importance of lipides, other than vitamin E, 
in the oxidation of DPNH and succinate via the cytochrome 
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system has been well established (19-22), although their mode of 
action is somewhat obscure. Most of these substances, including 
the phospholipides, are probably serving as cementing materials. 

Martius (23), who observed that a particulate preparation 
from the diaphragm of vitamin E deficient animals underwent a 
30 per cent decrease in P:O ratio, suggested that tocopherol is a 
cofactor in oxidative phosphorylation at the level between cyto- 
chrome b and c. McCay and Caputto (24) also found a lowered 
efficiency of oxidative phosphorylation in liver mitochondria iso- 
lated from vitamin E-deficient rats. They questioned whether 
this was a specific tocopherol effect or due to a nonspecific 
damage of the liver mitochondria. In experiments from this 
laboratory it has thus far not been consistently possible to ob- 
tain an uncoupling of oxidative phosphorylation by isooctane 
extraction of liver mitochondria.? 

The recent papers by Bouman and Slater (25) and Deul et al. 
(26), dealing with a possible role of tocopherol in a Keilin-Hartree 
heart muscle preparation, confirm some of our earlier results in 
this area, but also disagree with other data. The major differ- 
ences which are not easily reconcilable include the following. 
Their preparation, which is analogous to our bovine heart muscle 
particulate fraction, was reported to contain about 2 uwmoles of 
total tocopherol per gm. of protein compared to the 10 uwmoles 
reported by us. Their results, however, can for two reasons be 
ascribed to an incomplete extraction of vitamin E from their 
preparations. First, only ethanol was used as the extracting 
solvent for a period of 4 hours, in contrast to the more effective 
petroleum ether-ethanol mixture used by us, the period of ex- 
traction being in most cases 12 to 24 hours. Secondly, our ex- 
tractions were made on preparations treated with trichloroacetic 
acid, whereas Slater’s group used lyophilized preparations. It 
has now been possible to demonstrate that treatment of lyo- 
philized preparations with tricholoroacetic acid after extraction 
results in the release of considerably more vitamin E upon further 
extraction? The report by Deul et al. (26) of an effect of tocoph- 
erol in restoring cytochrome oxidase activity is contrary to our 
results as well as to those of Morrison et al. (3). Their failure to 
demonstrate a competitive inhibition of antimycin A with 
tocopherol is also contrary to our data. This effect has been 
demonstrated numerous times in our laboratory with both rat 
muscle and bovine heart preparations, particulate and digitonin- 
solubilized, as well as with a Keilin-Hartree fraction prepared by 
their method. It is unfortunate that Deul et al. (26) chose to 
express almost all their data on a percentage basis without indi- 
cating the activities of their preparations, the magnitude of the 
effects observed, in absolute units. These and other points of 
difference must await future experiments for their resolution. 
Their reported effect of vitamin K, and suggestion of inhibition 
by isooctane extraction have already been experimentally ac- 
counted for in the present paper. 


SUMMARY 


Isooctane extraction of particulate preparations of rat skeletal 
muscle and bovine heart muscle results in the removal of ap- 
proximately 10 per cent of the total vitamin E with a concomitant 
loss of 90 per cent of the diphosphopyridine nucleotide-cyto- 
chrome c reductase activity. A significant portion of the vitamin 


2 E. C. Layne and A. Nason, unpublished results. 
3F. Vasington, A. Nason, R. H. Garrett, and R. Kane, in 
preparation. 
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is in the presumed tocopheryl quinone form. However, the con- 
centration of total vitamin E in the lipide residue obtained by 
isooctane extraction is approximately 0.1 per cent and cannot 
account for restoration of the enzyme. A number of natural 
and synthetic products including butter, oleomargarine, n-butyl 
stearate and the lipide cofactor (glycerol monopalmitate, -oleate, 
and -stearate) also reactivated cytochrome c reductase. Since 
only the lipide “cofactor” and other active lipides potentiate the 
extractability of endogenous vitamin E, it is suggested that they 
are acting by releasing the vitamin to the “active sites” of the 
enzyme. Successive isooctane extractions of the enzyme are ac- 
companied by a progressive removal of vitamin E as well as a 
corresponding decrease in diphosphopyridine nucleotide-cyto- 
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chrome c reductase activity. By aging the enzyme preparations 
under given conditions in order to dissociate more of the endog- 
enous tocopherol, it has been possible to show that enzymatic 
restoration is accomplished specifically by the tocopherols. The 
lipide cofactor, n-butyl stearate, butter and oleomargarine, 
which were previously demonstrated to reactivate the enzyme 
are now ineffective. These substances no longer potentiate the 
extractability of d-a-tocopherol by isooctane with the present 
tocopherol-specific enzymes. The initial lag period before max- 
imal reactivation of cytochrome c reductase by tocopherol was 
progressively eliminated with increasing periods of preincubation 
of the enzyme with tocopherol. Vitamin E is indicated to be a 
cofactor of cytochrome c reductase. 
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Villee et al. (1, 2) have described a diphosphopyridine nucleo- 
tide-linked isocitric dehydrogenase system in human placenta 
which is stimulated by estradiol-178, estrone, equilin, and 
equilenin. The enzyme system is stimulated to a much lesser 
extent by estriol, progesterone, diethylstilbestrol, testosterone, 
19-nortestosterone, 17a-ethinyl estradiol, and estradiol-17a. 
Recently, Williams-Aschman and Talalay have demonstrated 
that enhancement of isocitrate utilization by estradiol involves 
the coupling of isocitric dehydrogenase-triphosphopyridine 
nucleotide and a steroid-sensitive transhydrogenase which 
operates because of catalytic amounts of triphosphopyridine 
nucleotide present in the placental homogenate (3). The present 
paper reports the effects of various substituted estrogens and 
attempts to relate their structure with activity in this hormone 
dependent system. 


MATERIALS AND METHODS 


The enzyme system was prepared by homogenizing human 
term placenta in five parts of 0.25 m sucrose using a Waring 
Blendor controlled by a variac transformer. Homogenization 
was as brief as possible and was never conducted for more than 
20 seconds. The supernatant obtained after centrifuging at 
50,000 x g for 45 minutes was dialyzed overnight against 
0.002 m tris(hydroxymethyl)aminomethane buffer, pH 7.4, and 
then for several hours against doubly distilled water. The 
dialyzed enzyme was stored at —20° and used within 2 weeks of 
preparation. 

The incubation mixture contained 0.002 Mm _ pt-isocitrate, 
0.009 m phosphate buffer at pH 6.8, 0.009 m MgCl, 0.0015 m 
Versene, and 0.00035 m diphosphopyridine nucleotide. This 
mixture was stored frozen at —20° and warmed to 40° before 
use in order to dissolve a small amount of precipitate. The 
substrate mixture was found to be stable for at least 1 month 
when stored under these conditions. 

Into three small test tubes were pipetted 0.6 ml. of the sub- 
strate mixture. To the first and second tubes were added 10 
ul. of propylene glycol and to the third tube 10 ul. of propylene 
glycol containing the appropriate steroid. After addition of 
0.25 ml. of 20 per cent metaphosphoric acid to the first tube, the 
reaction was started by adding 0.30 ml. of the placental enzyme 
to all three tubes. Incubation was carried out for 1 hour at 30° 
and the reaction was then stopped in the second and third tubes 
by the addition of 0.25 ml. of 20 per cent metaphosphoric acid. 
Each compound was analyzed by this procedure in triplicate at 


* This investigation was supported by the United States Public 
Health Service, Grant CY-3225. 


each concentration level. 
per cent. 

The a-ketoglutarate produced was estimated in the depro- 
teinized supernatants by a minor modification of the method of 
Robins et al. (4). Appropriate blanks were run for the steroids 
but in no case was significant color obtained. The a-keto- 
glutarate production owing to the test substance was expressed 
as the difference between the analysis of the second and third 
tubes. The tube analyzed without incubation indicated 
that little a-ketoglutarate was produced in the second tube in 
the absence of hormone. 

The pL-isocitrate was obtained as the trisodium salt from the 
Fluka Chemical Company, Buchs, Switzerland. The pD-iso- 
citrate content of the preparation was determined by means of 
the spectrophotometric method of Ochoa (5). 


Agreement between triplicates was 5 


RESULTS 


The stimulation of placental isocitric dehydrogenase by a 
variety of steroids is illustrated in Table I. Estradiol-176 was 
selected as the reference substance. Estrone was as active as 
estradiol-178. These compounds stimulated an average pla- 
cental preparation to produce 0.06, 0.09, 0.10 umole of a-keto- 
glutaric acid when introduced into the test system described at 
levels of 0.10, 1.0, and 10.0 yug./ml. of reaction mixture. Since 
the experiments described in this study were done with several 
different preparations, the degree of stimulation obtained is 
described as the relative enzyme-stimulating activity compared 
to estradiol-176. 

Because the enzyme-stimulating activity of the equine es- 
trogens did not decrease when the concentration was reduced to 
0.1 ug./ml., they were tested further at 0.01, 0.001, and 0.0001 
ug. per ml. of final reaction mixture. Fig. 1 illustrates that all 
four compounds were more active than estradiol-178 at the 
lower concentrations. 

Dihydroequilenin-17a@ was inactive in contrast to the 6-di- 
hydro compound. Table II shows that dihydroequilenin-17a 
acts as a competitive inhibitor for estradiol-178 in the enzymatic 
system. Since the absolute configuration of the 17-dihydro- 
equilenins is open to doubt, we have referred to the substance 
(m. p. 248°) prepared by Marker et al. (6) from the aluminum 
isopropylate reduction of equilenin as 178 and to the substances 
(m. p. 217°) isolated by Hirschmann and Wintersteiner (7) from 
mare’s urine as 17a. This assignment is in accordance with a 
comparison of the optical rotations of the 17-dihydroequilenins 
and estrones,' with the expectation that aluminum isopropylate 


1 Personal communication, Dr. O. Wintersteiner, The Squibb 
Institute for Medical Research. 
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TABLE I 


Relative effect of various substituted estrogens on placental 
isocitric dehydrogenase* 























Concentration yg./ml. 
(reaction mixture) 
Compound 
0.1 1.0 10.0 
IEE OS 55's boas hee ce danuwessaws 100 100 100 
Substituted in ring A 
Estradiol-178,3-methyl ether. ......... 62 103 95 
Estrone, 3-methyl ether............... 35 85 92 
2-Hydroxyestradiol-178................ 18 41 55 
4-Hydroxyestradiol-178................ 61 90 105 
2-Methoxyestrone.....................| 64 93 108 
3-Deoxyestradiol-178.. .............. 0 18 51 
3-Deoxyequilenin..... 40 96 147 
Substituted in ring B 

Ms 5 cnc o'et beta sienins< ticles cued | 97 93 110 
SI aca Hev cue culec.vt ns hier nee an 115 109 132 
Dihydroequilin-178.................... 119 107 89 
Dihydroequilenin-17a (m.p. 217°).......| 0 0 0 
Dihydroequilenin-178 (m.p. 248°). .....| 110 97 97 
6a, 7a-Oxido-estradiol-178.............. 0 | 7 45 
6a,7a-Dihydroxyestrone............... 0 | 6 | 95 
6a ,7a-Dihydroxyestradiol-178.......... |} 4 | 2 | 
68, 7a-Dihydroxyestrone. | 10 | 10 | 64 
7a-Hydroxyestrone. . Pass oun | 13 | 68 96 
7a-Hydroxyestradiol-178............... 23 | 8 | 88 
78-Hydroxyestrone. . . eee ee, | 93 
7-Ketoestrone........ nae cee | 23 | «85 106 

| | | 

Substituted in ring C 
118-Hydroxyestradiol-178 ............. | O | 0.7] 12 
118-Hydroxyestrone................... | 0 | 3.0 | 55 

| | 

Substituted in ring D 
17a-Ethiny] estradiol . .. pm a ag 34 
16-Ketoestradiol-178................. | 6.0 a ae 
16-Ketoestradiol-178-3-methyl ether...| 0 ey 0 
Estrolactone............. to h.va oa | 0 | 0 | 0 
17-Deoxyestrone. | 0 e. 7 0 
16-Ketoestrone . | O 0 | Oo 
16-Keto-17-deoxyestrone . 0 0 | 2 


* Relative effect is defined as 100 (umole a-ketoglutarate pro- 
duced by substituted estrogen)/(umole a-ketoglutarate produced 
by estradiol-178). The assay system is described in the text. 





reduction gives predominantly a 8 derivative, and is in agree- 
ment with our enzymatic data. 


DISCUSSION 


The 3-methyl ethers of estradiol-178 and estrone were only 
slightly less active than the free phenolic compounds. This 
suggests that the phenolic hydroxy] is not an important binding 
site of the steroid for coenzyme activity in the dehydrogenase 
system. This is further substantiated by the considerable 
activity of 3-deoxyestradiol-178 and 3-deoxyequilenin. The 
free hydroxy] at position 3 definitely enhances coenzyme activity 
and permits the activity at lower steroid concentrations. 

Mueller (8) found that 2-hydroxyestradiol-178, and 4-hy- 
droxyestradiol-178 enhanced the incorporation of radioactive 
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formate into rat uterus when added to a system in vitro. Es- 
tradiol-178 had such activity in vivo but not in vitro. If hy- 


droxylated estradiols were the actual intermediates in the 
action in vitro of estradiol, it might be hoped that they would be 
more active than estradiol in the estradiol-sensitive system; 
however, neither derivative exceeds the activity of estradiol-17£. 

Kraychy and Gallagher (9) have found that 2-methoxyestrone 
is a metabolite of estradiol-178 in man. They found this 
substance to be an extremely weak estrogen, although in the 
present study it was almost as active as estradiol-178 in the 
system in vitro. 

The fact that the 178-dihydro derivatives of equilin and 
equilenin are quite active, although the 17a-dihydroequilenin 
lacks coenzyme activity is consistent with the marked difference 
between the 178- and 17a-estradiols found by Villee and Gordon 
(10). The 17a-dihydroequilenin could lack coenzyme activity 
because it could not form a complex with the enzymatic system 
or because the complex formed lacked catalytic properties. The 
observed competitive inhibition of the coenzyme activity of 
estradiol-178 by 17a-dihydroequilenin (Table II) is consistent 
with the latter explanation. 

The activity of the equine estrogens toward the steroid-sensi- 
tive system is remarkable. The effect of the substances is 


J25 


of 














ie) 000! 


000 oof OI al lo 
STEROID ucowe 


Fic. 1. Effect of equine estrogens on placental isocitric dehy- 


drogenase. ©, equilenin; gj, 178-dihydroequilin; X, equilin; 
A, estradiol-178; @, 178-dihydroequilenin, O, 17a-dihydro- 
equilenin. The ordinate shows umoles of a-ketoglutarate pro- 
duced because of the steroid. The assay system is described in 
the text. 


TaBLe II 
Inhibition of action of estradiol- AB by 17a- dihydroequilenin® 








Estradiol-178 | 17a-dihydroequilenin | Inhibition 
pg./ml } pe./mil. | q 
0.1 | 1.0 51.8 
0.1 10.0 92.9 
1.0 | 1.0 2.8 
1.0 10.0 69.0 





° Inhibition of estradiol-178 potentiation of isocitric dehydro- 
genase by addition of 17a-dihydroequilenin to the reaction mix- 
ture. The assay system is described in the text. 
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easily demonstrable at a concentration of 4 X 10-* m and is 
detectable at 4 X 10-% m. The physiological concentration 
range of the estrogen is not known but this concentration would 
appear to be a reasonable estimate. The activity of the equine 
estrogens at lower concentration than can be demonstrated with 
estradiol-178 can best be explained by a higher binding capacity 
for the enzymatic system on the part of the compounds showing 
unsaturation in ring B. The increased binding may be related 
to the greater planarity of the compounds unsaturated in ring 
B. Although the equine estrogens have greater coenzyme 
activity than estradiol-178, they are much weaker estrogens in 
vivo. Various substitutions in the 6 and 7 positions reduce the 
catalytic efficiency of the steroid. This is true both for a and 
B substitution and is somewhat surprising in view of the re- 
moteness of these positions from the apparent site of reaction at 
17. 

Inhibition of the coenzyme activity of estradiol-178 and 
estrone by an 118-hydroxy group is of interest. The estrone 
derivative was 4 times as active as the estradiol derivative at a 
concentration of 1.0 and 10.0 ug./ml. When these substances 
were tested at a concentration of 20 yug./ml., the estradiol and 
estrone derivatives showed activities of 17 and 104 per cent 
respectively. This striking difference in coenzyme activity 
between these 178-hydroxy and 17-keto compounds is in contrast 
to the similar coenzyme activity found with estrone and estra- 
diol-178. 

The importance of position 17 in stimulating this enzymatic 
reaction is evident from the lack of activity of estrolactone and 
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17-deoxyestrone and the slight activity of 17a-ethinyl estradiol. 
Steric specificity of the 17-hydroxyl substituent and the in- 
hibition of coenzyme activity by a substituent on position 16 is 
consistent with the hypothesis that the 17 position represents 
the binding site for the steroid to the enzyme system. The 
fact that 16-keto-17-deoxyestrone shows slight activity dem- 
onstrates that this binding is not entirely specific. 


SUMMARY 


The structural requirements for steroid coenzymatic activity 
in the placental steroid-sensitive system have been studied. A 
free hydroxyl group is not essential for activity. An hydroxyl 
or keto group at 17 is essential for activity. The equine es- 
trogens show detectable coenzyme activity at 4 K 107 M. 
17a-dihydroequilenin is bound by the enzyme but is devoid of 
coenzyme activity. 
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Human Placental Estradiol-176 Dehydrogenase 
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Certain enzyme systems have been observed to catalyze the 
interconversions of hydroxy- and ketosteroids (1, 2). Two 
bacterial enzymes, one acting on 3a-hydroxy-, and the other on 
38-, 168-, and 178-hydroxysteroids have been substantially 
purified by Talalay and co-workers, and their coenzyme require- 
ments, substrate specificities, and reaction kinetics characterized 
(3-7). Tomkins and Isselbacher (8), and Tomkins (9, 10) 
have partially purified and similarly characterized 3a-hydroxy- 
steroid dehydrogenase from rat liver. 

The interconversion of estrone and estradiol has been observed 
with a wide variety of human tissues (11). The DPN'-linked 
B-enzyme of Talalay and Marcus dehydrogenates estradiol at 
13 per cent of the rate of testosterone (6, 7). DPN was also 
implicated as a cofactor in estradiol dehydrogenation by rat 
liver by DeMeio et al. (12), and by Coppedge et al. (13, 14). 

In this paper, the partial purification and characterization of 
a pyridine nucleotide-linked 176-hydroxysteroid dehydrogenase 
from human placenta? are described. The enzyme, which 
possesses high specificity for aromatic 178-hydroxysteroids will 
be referred to as estradiol-178 dehydrogenase. 


MATERIALS AND METHODS 


Reagents—Analytical grade ammonium sulfate was recrystal- 
lized from water containing 0.2 per cent EDTA and the pH 


* This is Publication No. 935 of the Cancer Commission of Har- 
vard University. This work was supported by grants from the 
National Cancer Institute, U. 8. Public Health Service, a grant 
from the American Cancer Society, Inc., a grant from the Jane 
Coffin Childs Memorial Fund for Medical Research, and an allo- 
cation from an American Cancer Society Institutional Grant to 
Harvard University. 

t Predoctoral Fellow of the U. 8. Public Health Service. This 
work is taken from a thesis submitted in June 1957 to the Rad- 
cliffe Graduate School in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. A preliminary report 
was presented at the 40th Annual Meeting of the American So- 
ciety of Biological Chemists, in Atlantic City, New Jersey, April 
16 to 20, 1956. (Federation Proc., 15, 296 (1956)). 

1 The following abbreviations have been used: DPN and DPNH, 
oxidized and reduced diphosphopyridine nucleotide; TPN and 
TPNH, oxidized and reduced triphosphopyridine nucleotide; 
EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxy- 
methyl)aminomethane. 

? The authors wish to acknowledge the generous assistance of 
Dr. C. A. Villee, Boston Lying-In Hospital, in making available 
the placental tissue. 


adjusted to 8.0 with NH,OH (15). DPN and TPN were ob- 
tained from the Pabst Laboratories, Milwaukee, Wisconsin. 
DPNH was prepared from DPN by the hydrosulfite reduction 
method of Kaplan et al. (16). 

Stock 0.003 m solutions of steroids in propylene glycol, stored 
at 0°, were used in most assays of enzyme activity. When 
supplies of a steroid were very limited, the amount required for 
each assay was weighed out on a quartz fiber balance, and dis- 
solved in the appropriate volume of propylene glycol with brief 
warming. 

Estradiol-178 3-Methyl Ether—The methyl ether was prepared 
by treatment of the free phenol with dimethyl sulfate in aqueous 
KOH and dioxane. The product was crystallized from acetone- 
hexane, to yield estradiol 3-methyl ether, m.p. 92° to 94° (un- 
corrected) (17). No phenolic material was detected when 100 ug. 
amounts were chromatographed on paper as described below. 

Enzyme Assay—The enzyme assays were carried out spectro- 
photometrically using estradiol as substrate. The reaction 
system contained 0.3 umole of estradiol in 0.1 ml. of propylene 
glycol, 0.1 ml. of 25 per cent human serum albumin, 300 ymoles 
of NaHCO;-Na.CO; buffer (0.3 ml. of 1 m, pH 9.2), 0.6 umole 
of DPN, and 0.02 to 0.3 ml. of enzyme preparation in a total 
volume of 3 ml., and had a final pH of about 9.2. The reactions 
were carried out in 1 cm. cuvettes in a Beckman DU spectro- 
photometer equipped with a photomultiplier. The reactions 
were initiated by the addition of the DPN, and absorbance was 
measured at 340 my against a blank cell containing all com- 
ponents except steroid and DPN. A control containing all 
components except steroid was also run. Readings were taken 
20 seconds after the addition of DPN and usually every 5 
seconds thereafter for 1 to 2 minutes. Velocities were calculated 
from the slopes of the zero order portions of curves plotted as 
absorbance versus time and corrected for the control absorbance. 
A unit of estradiol-178 dehydrogenase was defined as the amount 
which causes the formation or disappearance of 1 umole of 
DPNH per minute under the conditions specified above. This 
is equivalent to a change in absorbance of 0.0062 per minute at 
340 mu. The same assay system was used in most studies of 
enzymatic dehydrogenation of other steroids. 

The reaction system generally employed for measurement of 
hydrogenation of estrone and other ketosteroids contained 0.3 
umole of steroid in 0.1 ml. of propylene glycol and 0.1 ml. of 25 
per cent human serum albumin, 300 wmoles of KH,PO,-K,HPO, 
(0.3 ml. of 1 m, pH 5.8), 0.3 umole of DPNH, and 0.02 to 0.3 
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ml. of enzyme preparation in a total volume of 3.0 ml., and had 
a final pH of about 6.2. 

The protein concentrations of enzyme preparations were 
determined by the method of Lowry et al. (18). 

Characterization of Reaction Products—After assay, reaction 
mixtures were allowed to stand at room temperature for 3 hours. 
The mixtures were adjusted to about pH 7, and extracted with 
three 5 ml. portions of methylene chloride; the extracts were 
pooled, washed once with 3 ml. of water, and taken to dryness 
in vacuo. The residue was dissolved in 2 ml. of methanol. An 
aliquot equivalent to about 0.1 umole of total steroid was 
chromatographed by Bush’s procedure (19) at 37° on Whatman 
No. 2 paper, in parallel with reference standards of starting 
steroid and of expected product when available, and with extracts 
of control reaction mixtures containing boiled enzyme prepara- 
tions. For steroids with two oxygen functions, the solvent 
system used consisted of ligroin-toluene (2:1, volume for volume) 
equilibrated with methanol-water (7:3, volume for volume). 
For steroids with three or more oxygen functions, the system of 
toluene equilibrated with methanol-water (3:1, volume for vol- 
ume) was generally employed instead. 

Papers with phenolic compounds were sprayed with phenol 
reagent (20) or with FeCl;-K;Fe(CN). (21). Neutral keto- 
steroids were usually detected with Zimmerman reagent (22, 23) 
or with 2,4-dinitrophenylhydrazine (24). a-Ketolic steroids 
were detected with alkaline blue tetrazolium (25). 

Enzyme Purification—Human term placentas were obtained 
within a few minutes of delivery, the umbilical cord, membranes, 
blood clots, and grossly necrotic tissue removed, and the re- 
maining tissue cut in several pieces and blotted on filter paper. 
The tissue was ground in a chilled meat grinder, and suspended 
in 3 volumes (weight per volume) of 0.01 m nicotinamide, 0.001 m 
cysteine, and 0.001 m EDTA, at pH 7 to 8. This and succeed- 
ing operations were performed near 0°, and all solutions used 
were also near 0°. Except for the nicotinamide solution and 
dialysis buffers, solutions employed in the enzyme purification 
were prepared with deionized, glass-redistilled water. The sus- 
pended tissue was homogenized for 1 minute ina Waring Blendor 
at reduced speed (60 volts). Microscopic examination of the 
homogenates indicated that practically all the cells were ruptured 
under these conditions. The homogenate was centrifuged for 
15 minutes at 2,000 x g and both the sedimented residue and top 
fatty layer were discarded. 

Recrystallized ammonium sulfate was added slowly to this 
supernatant fraction to half saturation, maintaining the pH at 
6.8 with dilute NH,OH. After stirring for 30 minutes, the 
suspension was centrifuged for 30 minutes at 2,000 x g. The 
resulting precipitate was dissolved in 100 to 150 ml. of a solution 
consisting of 0.025 m potassium phosphate, 0.0005 m cysteine, 
0.0005 m EDTA, pH 6.8, containing 50 per cent glycerol (volume 
for volume), and dialyzed for 3 hours against two changes of 100 
volumes each of a solution consisting of 0.05 m bicarbonate, 0.001 
M cysteine, 0.001 m EDTA, 10 per cent glycerol, pH 6.8, then 
two changes of a solution consisting of 0.005 m bicarbonate, 0.001 
M cysteine, 0.001 m EDTA, 10 per cent glycerol, at pH 6.8. 
The precipitate formed during dialysis was removed by cen- 
trifugation for 30 minutes at 78,000 x g. 

Sufficient calcium phosphate gel (26) to adsorb most of the 
enzyme activity was added slowly, with constant stirring, to the 
dialyzed supernatant fraction. The minimal amount of gel 
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required varied somewhat with each placental extract and with 
the age of the gel, and was therefore usually determined in a 
pilot experiment. A volume of gel equivalent to about 4 


volumes of dialyzed supernatant fraction, or roughly 3 mg. dry | 


weight per mg. of protein was normally required. The sus- 
pension was stirred for an additional 15 minutes, and then 
centrifuged briefly at 2000 x g. 

The enzyme activity was eluted from the gel with a solution 
consisting of 0.08 m phosphate, 0.001 m cysteine, 0.001 m EDTA, 
and 20 yg. estradiol per ml., at pH 6.5. The gel was suspended 
in a volume of eluant equal to that of the dialyzed supernatant 
fraction, stirred for 15 minutes and centrifuged for 5 minutes at 
2000 x g. Three such extractions are performed. 

The combined gel eluates were treated with recrystallized 
ammonium sulfate as before, to a final concentration of 45 per 
cent and final pH of 6.8. The straw-colored precipitate was 
dissolved in the minimum amount of buffered glycerol and 
stored at —14°. Such second ammonium sulfate precipitates 


were used for most of the studies of the properties of estradiol | 


dehydrogenase. 
RESULTS 


Localization of Enzymatic Activity—A human term placenta was 
trimmed and ground as described above, and a 50 per cent 
homogenate prepared in a Waring Blendor in a solution of 0.25 
M sucrose, 0.1 Mm phosphate at pH 6.8, and 0.04 m nicotinamide. 
Cell fractions were separated by differential centrifugation as 
described by Schneider and Hogeboom (27). The mitochondrial 
fraction was sedimented between 900 and 9000 x g, washed 
with the same solution, and sedimented at 15,000 x g. The 
microsomal fraction was collected between 15,000 and 105,000 x 
g, similarly washed, and recentrifuged at 105,000 x g. Phase 
contrast microscopy of the mitochondrial and microsomal 
particles gave results similar to those reported for corresponding 
liver cell fractions (28). Assay of the cell fractions indicated 
that the estradiol-178 dehydrogenase activity resided exclusively 
in the 105,000 x g supernatant fraction. 

Control Experiments—No detectable estradiol dehydrogena- 
tion was observed when enzyme was omitted from the reaction 
mixture, or when boiled enzyme was used. Similar results were 
obtained with dialyzed placental preparations in the absence of 
added DPN or TPN. 

Purification—Approximately a 50-fold purification over the 
original supernatant fraction is achieved by the procedure 
outlined. In a typical preparation, the original supernatant 
fraction had an activity of 0.6 units per mg. of protein and the 
second ammonium sulfate precipitate 32 units per mg. of protein 
with an over-all yield of 84 per cent. The instability of the 
enzyme in simple buffer solutions and its sensitivity to organic 
solvents have hindered attempts at further purification. An 
increase in total enzyme activity was often observed on am- 
monium sulfate precipitation. In part, this increase appears 
to be the result of the removal of some inhibitor initially present, 
as indicated by the less than proportional rise in reaction rate 
on increasing the concentration of original supernatant fraction 
in reaction mixtures (Fig. 1). With the second ammonium 
sulfate precipitate preparations, the reaction rate is proportional 
to the enzyme concentration within the range of enzyme con- 
centration usually employed (Fig. 1). 

After the second ammonium sulfate precipitation, the enzyme 
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Fic. 1. Relation between initial rate of dehydrogenation and enzyme concentration. 
The ordinate is the rate of formation of DPNH. 


ammonium sulfate precipitate. 


preparations were not homogeneous; electrophoresis* in barbital- 
citrate buffer revealed two major bands and ultracentrifugal 
analysis in 0.1 m NaCl disclosed a major component (82. = 
5.6 X 10-" seconds) and several smaller peaks. 

At each stage of the purification procedure, aliquots of the 
enzyme preparation were incubated with estradiol-178, testos- 
terone, 19-nortestosterone, 36-hydroxy-5-pregnen-20-one and 
38 ,21-dihydroxy-5-pregnen-20-one. The relative amounts of 
dehydrogenation products of these steroids were estimated from 
paper chromatograms. 

All preparations dehydrogenated the neutral 178-hydroxy 
steroids to extents roughly proportional to their estradiol de- 
hydrogenase activity. Both testosterone and 19-nortestosterone 
were attacked but to less than 5 per cent of the extent of estradiol. 
Meyer (29) has already noted the oxidation of testosterone to 
4-androstene-3,17-dione by human placenta slices. Although 
the crude preparations effected conversion of the A®-38-hy- 
droxysteroids, after the calcium phosphate gel adsorption, 
virtually none of this activity remained. Pearlman et al. (30, 
31) first observed this dehydrogenation and rearrangement with 
placental slice preparations and Samuels (32) localized the 
enzymatic activity in adrenal tissue in the microsome fraction. 

Stability—With increasing purification of enzyme prepara- 
tions, stability increases. About 35 per cent of the activity of 
the original supernatant fraction was lost in 6 hours at 0°, and 
up to 80 per cent in 16 hours at —14°. The first ammonium 
sulfate precipitate stored at —14° lost little activity in a week, 
but was almost completely inactive after 2 months. A second 
ammonium sulfate precipitate, however, retained 94 per cent of 
its original activity after 3} months, and 85 per cent after 6 
months. Glycerol and estradiol are highly effective in stabiliz- 
ing estradiol dehydrogenase preparations (Table I). Further- 


’We are grateful to Dr. Karl Schmid for performing these 
measurements. 


0.2 03 04 


O, Original supernatant fraction; @, second 


more, dilute solutions of the enzyme are also stabilized by 
DPN. 

Coenzyme Specificity—Estradiol dehydrogenase does not 
possess absolute specificity for DPN as hydrogen acceptor. At 
a TPN concentration of 10-* m in the presence of 100 yg. of 
estradiol, the rate of dehydrogenation was about one half of 
that with DPN. 


Inhibitors and Activators 


p-Chloromercuribenzoate—Enzymatic activity is almost com- 
pletely inhibited by 5 minutes preincubation with 10-* m p- 
chloromercuribenzoate. Estradiol or DPN in the reaction 
medium protect the enzyme substantially from this inhibition. 
The comparable effectiveness of estradiol and DPN in stabilizing 
the enzyme in dilute solution and in protecting it from this 


TaBLe I 
Stability of estradiol-178 dehydrogenase* 





Substance added Specific activity (units/mg. 








of protein) 

| 2hows | 1 day | 9 days 
SENET Creede reper rr Perrerrre | 229 | 0.4 0.4 
8.3 Per cent human serum albumin.| 0.2 | 
0.1 m Nicotinamide............. | 0.2 
5 wg. Estradiol-178 per ml...... 3.4 10 | 0.5 
50 ug. Estradiol-178 per ml.........| 4.6 46 | 4.5 
500 wg. Estradiol-178 per ml.... 4.6 46 | 4.9 
10 Per cent glycerol............ 2.9 | 
25 Per cent glycerol..... “i | QM 4 
50 Per cent glycerol. . 6.5 | 68 | 6.8 





* The enzyme preparation used was the supernatant fraction 
of a first ammonium sulfate precipitate which had been dried 
from the frozen state and resuspended in 0.05 m KH2PO4-K:HPO,, 
0.001 m cysteine, and 0.001 m EDTA at pH 6.85. 
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TaB_LeE II 


Effect of p-chloromercuribenzoate on estradiol-178 
dehydrogenase activity* 


Estradiol-178 Dehydrogenase. I 











Average net change in 
absorbance per 10 min. 
Preincubation medium % inhibition 
Control | cygcateoo- 
NaHCO;-Na2CO;, pH 9.2 0.028 0.001 97 
NaHCO;-Na:COs, pH 9.2 + | 0.103 0.081 21 
1.2 X 10-* m Estradiol 
NaHCO;-Na:CO;, pH 9.2 + | 0.089 0.061 32 
2X 10°? m DPN 














* The enzyme preparation was a second ammonium sulfate 
precipitate at 1:100 dilution. The preincubations were carried 
out at room temperature for 5 minutes. 
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Fic. 2. The effect of cysteine on the activity of estradiol de- 
hydrogenase prepared without cysteine. A first ammonium sul- 
fate precipitate was used. O, assayed without cysteine, @, as- 
sayed in 0.15 m cysteine. The ordinate is the rate of formation 
of DPNH. 


TaBLe III 
Effect of cysteine on estradiol dehydrogenase activity* 





Additions to media Specific activity 





units/mg. protein 


MS rea eee 1.3 
DPE CNR oo iro ek cee cece 1.8 
Me III 56's osc eo aledse disses ct 1.6 
PRINS oes ieee i caee 1.4 








* The enzyme preparations assayed were aqueous suspensions 
of first ammonium sulfate precipitates of frozen placenta homoge- 
nized in 0.01 m nicotinamide adjusted to pH 8. 


inhibition suggests that these substrates are bound at or near 
essential sulfhydryl groups, and may stabilize the enzyme by 
protecting these labile groups from oxidation or mercaptide 
formation (Table II). 

Cysteine—Enzyme preparations made in the absence of 
cysteine have lower activity, which may be partially restored 
by the addition of cysteine to the assay system (Fig. 2). The 
presence of cysteine throughout the enzyme purification pro- 
cedure yields more active preparations, presumably by protecting 
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the essential sulfhydryl groups of the enzyme (Table III). 
Cysteine slowly and partially reactivates estradiol dehydrogenase 
after inhibition by p-chloromercuribenzoate. The sulfhydryl 
groups thus appear to be important for the stability of this 
enzyme as well as for others (33). 

Heavy Metals and Chelating Agents—Estradiol-178 dehy- 
drogenase activity was inhibited 100 per cent by 10-* m Cu*+ 
and 10~* m Hg*+, 33 per cent by 10-* m Fe+++, but was un- 
affected by 10-* m Fett, Mn++, Mg**, or Cot+. The yield of 
enzyme was improved by the introduction of measures which 
reduced the possibility of heavy metal ion contamination; the 
use of EDTA, or ammonium sulfate recrystallized from EDTA 
solution, and of deionized, glass-redistilled water. The lability 
of the enzyme in the presence of certain heavy metal ions may 
be a reflection of the requirement of free sulfhydryl groups 
for enzyme activity. 

Zinc ion at 10-7 to 10-* m, unlike other heavy metal ions, 
increased enzymatic activity by as much as 34 per cent (Table 
IV). Zine has been shown to be an integral part of several 
dehydrogenases and other enzymes by Vallee and co-workers 
(34-38). This activation suggests that this enzyme, too, 
contains zinc as a functional constituent. This conclusion is 
supported by the observation that estradiol dehydrogenase is 
inhibited by several chelating agents which have great affinity 
for transition or Group IIb elements. After preincubation for 
1.5 hours at 0°, 56 per cent inhibition was observed with 7 x 
10-* m 1,10-phenanthroline, 13 per cent with 10-* m 8-hydroxy- 
quinoline, and 100 per cent with 10-* m 8-hydroxyquinoline-5- 
sulfonic acid; 10-* m a,a-dipyridyl caused no inhibition. 

Equilibrium Constant—The equilibrium of reactions catalyzed 
by pyridine nucleotide linked dehydrogenases is dependent 
upon pH, since hydrogen ions participate in these reactions. 
Measurements of total changes in absorbance were made in 
the pH range 6.47 to 10.14 in the following system: 60 yg. of 
estradiol in 0.03 ml. propylene glycol and 0.03 ml. 25 per cent 
human serum albumin, 300 yg. of DPN, 300 umoles buffer 
(KH2PO.-K2HPO,, Tris, NaHCO;-Na,CO;) and an excess of 
enzyme. From the total change in absorbance at 340 mu, the 
amount of DPNH formed was calculated (€ = 6220). The 
initial DPN concentration was determined by enzymatic assay 
with liver alcohol dehydrogenase,‘ and the initial estradiol-178 
concentration from the absorbance of DPNH formed under 
conditions permitting essentially complete dehydrogenation 
(pH 9). Equilibrium constants were calculated according to 
the following equation, assuming the oxidation of an amount of 
estradiol equivalent to the DPN reduced. 


ae (estrone) (DPNH) (Ht) 
sae (estradiol) (DPN*) 





This equilibrium constant, which is independent of pH, was 
found to have a mean value of 1.8 + 0.5 x 10-*m at 25°. This 
value should be considered only approximate, since equilibrium 
measurements have been observed to vary with the purity of an 
enzyme (6, 39). 

pH Optima—Measurements of the initial rates of estradiol 
dehydrogenation were made in the range of pH 6.5 to 10.2 under 
conditions similar to those for determination of the equilibrium 
constant. In one experiment, 0.02 ml. of ethanol was used as 
solvent for the estradiol, and in another, glycine buffer was 


‘ We are indebted to Dr. Bert Vallee for the supply of enzyme. 
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TaBLeE IV 

Effect of zinc on estradiol dehydrogenase activity* 
Concentration of Zn** Increase in initial reaction rate 

molar % 

1077 27 

10-° 34 

10-5 34 

10-4 25 

10-° 19 








* The enzyme used was the second ammonium sulfate precipi- 
tate added to the medium (pH 9.5 to 9.6) just before initiation of 
the reaction with oxidized diphosphopyridine nucleoxide. 
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pH 


Fie. 3. pH Dependence of estradiol (©) and estradiol 3-methyl 
ether (@) dehydrogenation. The ordinate is the rate of forma- 
tion of DPNH. 


substituted for the NaHCO;-Na2COs;, with comparable results. 
A complex relationship of the initial rate of estradiol dehy- 
drogenation to pH was observed (Fig. 3). The location of the 
pH optimum close to pH 10 suggested a possible influence of the 
ionization of the phenolic hydroxyl group of estradiol (pK of 
estrone = 9.36) (40). The relationship of the initial rate of 
estradiol 3-methyl ether dehydrogenation to pH was therefore 
determined under similar experimental conditions (Fig. 3). The 
relationship of reaction rate to pH coincided roughly with that 
for estradiol from pH 7.5 to 10.2, indicating that the peak in 
reaction rate near pH 10 reflects ionization of groups on the 
enzyme rather than of the phenolic hydroxyl group of the 
estrogen. 

Similar measurements of the relationship of the initial rate of 
estrone hydrogenation to pH were made. A more typical bell- 
shaped curve was obtained by plotting the initial rate of DPNH 
disappearance versus pH. The peak reaction rate in 0.1 m 
phosphate buffer occurred at about pH 6.2, while the peak rate 
was lower, and at a lower pH in 0.1 M citrate buffer (Fig. 4). 
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Fic. 4. pH Dependence of estrone hydrogenation. @, citrate 


buffer, O, phosphate buffer. The ordinate is rate of disappear- 
ance of DPNH. 


DISCUSSION 


The presence of an enzyme in human term placenta which 
catalyzes the interconversion of estradiol and estrone has been 
inferred on the basis of slice (11) and perfusion (41) studies. 
An estradiol dehydrogenase has been isolated and concentrated 
about 50-fold. It has been shown to be a pyridine nucleotide 
linked enzyme which can use either di- or triphosphopyridine 
nucleotide. With the latter the initial reaction rate is about 
one-half that achieved with DPN. Like other DPN linked 
dehydrogenases, estradiol dehydrogenase possesses sulfhydryl 
groups which are required for enzymatic activity. Heavy metal 
inactivation and zinc activation are characteristic of this enzyme 
as well as other dehydrogenases. 

In a recent publication Talalay and Williams-Ashman (42) 
have linked estradiol dehydrogenase with the estradiol sensitive 
isocitrate dehydrogenase isolated by Villee et al. (43, 44) from 
endometrium and placenta and propose that estradiol dehy- 
drogenase, by virtue of utilizing both DPN and TPN, plays the 
role of a transhydrogenase with estradiol as a coenzyme or co- 
substrate. The Ky value of estradiol-178 dehydrogenase is 
such that this enzyme could function as a transhydrogenase 
under physiological conditions. 


SUMMARY 


Ammonium sulfate precipitation and calcium phosphate gel 
adsorption of human term placenta homogenates lead to about 
50-fold purification of a soluble enzyme which catalyzes the 
interconversion of estrone and estradiol. Both oxidized di- and 
triphosphopyridine nucleotide can serve as coenzymes, the 
latter giving about one-half the initial rate of the former. The 
enzyme possesses essential sulfhydryl groups and is inactivated 
by Cut+, Hg*++, Fe+++, and activated by Zn*++. The equilibrium 
constant was found to be 1.8 X 10-* m, the pH optimum for the 
dehydrogenation being near pH 10 and for the reverse reaction, 
pH 6.2. 
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Zinc in Beef Liver Glutamic Dehydrogenase*t 
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Zinc participates in enzymatic dehydrogenation reactions 
involving the pyridine nucleotide coenzymes. The alcohol de- 
hydrogenase of baker’s yeast (1), the alcohol dehydrogenase of 
horse liver (2, 3), and the lactic dehydrogenase of rabbit muscle 
(4), are all zinc metallodehydrogenases. The glutamic dehydro- 
genase of beef liver differs from these enzymes with respect to its 
molecular size and to the nature of the reaction it catalyzes. 
The analytical data presented herein amplify previous and 
preliminary reports that it, too, contains zinc in significant 
quantities and no essential amounts of other metals (5). It is 
therefore a zinc metallodehydrogenase. 


METHODS AND MATERIALS 


Crystalline glutamic dehydrogenase was isolated from fresh 
beef liver (6); the fractions as well as the crystals obtained in 
the course of preparation were saved for analysis. Commercial 
preparations (C. F. Boehringer and Soehne, Mannheim, Ger- 
many) were analyzed also, either without further purification 
or following recrystallization from 28 per cent NaSO, at 4°, 
potassium phosphate buffer at pH 7.4. 

Metal Content—The metal content of all beef liver fractions 
and glutamic dehydrogenase crystals was determined by emission 
spectrography (7). Samples were ashed at 450° and dissolved 
in6 n HCl. A high-voltage copper spark utilizing a 7; inch 
carbon porous-cup electrode was employed for excitation. The 
spectrograph was a 21 foot Wadsworth mounting equipped with 
a 15,000 line-per-inch grating and having a reciprocal linear 
dispersion of 5.22 A permm. Eastman No. 103-0 photographic 
plates were employed throughout. All spectrum lines were 


} measured and background corrected with a microdensitometer 


(Jarrell-Ash Co.). Working curves were prepared with spectro- 
scopically pure chemicals (Johnson-Matthey Co.) and corrected 
for the effect of phosphate and sulfate salts which decreased the 
sensitivity of the method (7). 

Copper—Copper was determined microchemically with sodium 
diethyldithiocarbamate (Eastman Organic Chemicals) (8). 5 
em. path length cuvettes were adapted to the Beckman DU 


* Preliminary reports of this work have been published (5). 

+ These studies were supported by a contract between the 
Office of Naval Research and Harvard University, Contract 
Nonr 1866(04), NR 119-277, and by the Howard Hughes Medical 
Institute. 

t Fellow of the National Foundation for Infantile Paralysis. 
From the dissertation submitted by S. J. Adelstein in partial 
fulfillment of the requirements for the degree of Doctor of 
Philosophy at Massachusetts Institute of Technology, June, 
1957. 


spectrophotometer to improve the sensitivity as previously 
described (9). In some instances zinc was also measured colori- 
metrically with use of a diphenylthiocarbazone (Eastman Or- 
ganic Chemicals)-CCl, extraction procedure (10, 11). 

Protein Concentration—The protein concentration was deter- 
mined by triple trichloroacetic acid precipitation (10) and by the 
optical absorbance at 279 my (6). The extinction coefficient, 
Exomy = 9.73 X 10° cm.? for a millimolar solution was employed. 

Enzymatic Activity—Enzymatic activity was assayed by follow- 
ing the reduction of DPN! by the change in absorbance at 340 
mu. Activities, V, were expressed as change in optical absorb- 
ance at 340 my per 5 minutes per mg. of protein. The reaction 
mixture and the units of activity employed were those described 
by Olson and Anfinsen (6). The final concentration of reagents 
in the 3 ml. reaction mixture was 1.1 x 10-* mM glutamate, 8.3 x 
10-* m DPN, 8 X 10 m potassium phosphate buffer, pH 7.8. 
In the inhibition experiments 3 yg. of crystalline glutamic de- 
hydrogenase was added last to the reaction cuvette containing 
the potential inhibiting agent in the appropriate concentration. 
In these instances both the relative activity and the absolute 
activities were calculated. 

Water—Water was obtained by slow passage through mixed 
IR-120 and IRA-410 ion exchange resins (Rohm and Haas). 
It was subsequently distilled in all-Pyrex glassware to eliminate 
any entrapped resin particles. Water was boiled in the Pyrex 
vessels for several weeks prior to use in order to remove metals 
present in the surface layer. By spectrographic analysis this 
water was essentially metal free and its specific resistance of 
more than 1.5 x 10° ohms indicated that it was also essentially 
ion free. The only cation present in any measurable quantity 
was sodium at 20 parts per billion; all other elements were pres- 
ent in concentrations of 0.5 parts per billion or less (12). 

Reagents—The reagents employed in the crystallization of 
enzyme were examined spectrographically (Table I). Potassium 
phosphate (Mallinckrodt AR) 0.1 m buffers were cation free 
except for traces of barium and calcium; one buffer contained as 
much as 1.42 ug. of calcium per ml. The zinc content of these 
buffers was insignificant, less than 7 parts per billion. Saturated 
Na2SO, (Merck reagent) contained approximately 4 yg. of 
calcium per ml. as a single contaminating cation; the zinc con- 
tent was less than 50 parts per billion. 

Glassware—Glassware was kept metal free by soaking the 
utensils in equal proportions of nitric and sulfuric acid following 
detergent washing; the glass was rinsed three times in metal- 


1 The abbreviations used are: DPN and DPNH, oxidized and 
reduced forms of diphosphopyridine nucleotide; OP, 1, 10-phenan- 
throline; EDTA, ethylenediaminetetraacetate. 
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TaBLeE I 


Analyses of reagents employed in crystallization of 
glutamic dehydrogenase 


(Concentration in micrograms per ml.) 




















Sr Ba Ca Zn 
Potassium phosphate* 
Wa Bho Bix 5 54.5 chico <0.1 0.048 0.02 —t 
Me Bi sia. ck. ke ee <0.1 0.021 1.42 0.007 
Sodium sulfatet....... —_ — 4 <0.050§ 





* Potassium phosphate buffer 0.1 m, pH 7.4; mixture of K,HPO, 
and KH2PO,, Mallinckrodt AR. 30 ml. were analyzed. 

t— = Not detected, also Ag, Al, Cr, Co, Cd, Fe, Li, Mn, 
Mo, Ni, and Pb. 

t Sodium sulfate Merck Reagent, 490 gm./l. 25 ml. were ana- 
lyzed. 

§ 0.04 by chemical analysis. 


free water prior to use. All solutions were stored in acid-cleansed 
polyethylene containers which served to minimize contamina- 
tion (12). 


RESULTS 


Analyses of eight crystalline glutamic dehydrogenase prepara- 
tions are shown in Table II. Five preparations were examined 
spectrographically. In the remaining three preparations in- 
sufficient material was available for spectrographic analysis and 
zinc only was determined microchemically. Preparations 1, 2, 
3, and 6 were prepared in the laboratory and Preparations 4, 5, 
7, and 8 were obtained from a commercial source. Preparations 
5 and 7 were recrystallized before analysis. All preparations 
had comparable enzymatic activities. The state of dispersity 
of two preparations, Nos. 3 and 8, was examined in the analytical 
ultracentrifuge; a single non-Gaussian peak was found in both 
instances as described by Olson and Anfinsen (6). 

In Table II, metal content is expressed in micrograms per 
gram of protein and in addition the zinc content is given as gram 
atoms per mole of enzyme protein, assuming the molecular 
weight to be 1,000,000 (6). The eight preparations contained 
between 154 and 322 ug. of zinc per gram of protein or an aver- 
age value of 3.4 + 1.0 gm. atoms per mole. Although Cu, Fe, 
Al, Mg, and Ca were found, they were present in low and vary- 
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ing concentrations and each of these was absent in at least one 
glutamic dehydrogenase preparation. Copper was present to a 
significant degree only in Preparation 3, iron in Preparation §, 
aluminum in Preparation 3, and magnesium in Preparations | 
and 8. The calcium content of Preparations 3, 5, 7, and 8 may 
be attributed to contamination of the buffer and Na2SO, used 
in crystallization (Table I). 

The metal content in micrograms per gm. of protein and the 
specific enzymatic activity of fractions obtained during the iso- 
lation of glutamic dehydrogenase from beef liver are shown 
in Table III. The data presented were derived from the isola- 
tion of Preparation 2 (Table II). Similar results were obtained 
in the course of isolation of Preparations 1 and 6. Enzymatic 
activity increased from 0.13 to 5.1 (Column A, Line 1 to Line 5), 
while zinc decreased from 439 ywg./gm. to 87 ug./gm. (Column B, 
Line 1 to Line 5). Fractions 4 and 6 contained considerable 
quantities of zinc (Column B) but both contained little enzyma- 
tic activity toward glutamic acid (Column A). The preparation 
of the enzyme through Fraction 5 resulted in substantial decrease 
in the concentration of all inorganic elements except for iron, 
magnesium, and calcium. Both aluminum and chromium were 
present in Fraction 6. The presence of chromium in this frac- 
tion was confirmed repeatedly in other experiments and is pres- 
ently unexplained. 

The effect of recrystallization on the metal content of glutamic 
dehydrogenase is shown in Table IV. The final crystals (6x) 
are also shown as Preparation 7 of Table II. The concentration 
of all elements other than zinc is given in micrograms per gram 
of protein. The zinc concentration and the sum of all metals 
less zinc and calcium, 2[Me — (Zn + Ca)], are calculated in 
gram atoms per 10° gm. of protein. During recrystallization the 
activity rose from 19 to 36 units. Simultaneously the zine 
content increased from 1.8 to 3.3 gm. atoms per mole, while the 
activity to zinc ratio remained constant. This treatment re- 
sulted in the virtual disappearance of all other elements (Fe, Al, 
Cu, Mg, Ba) except calcium, which, although absent from the 
crude crystals, was apparently added with the reagents during 
the crystallization procedure. 

The effects of a number of metal-binding agents on the en- 
zymatic activity are presented in Table V. Results are pre- 
sented as per cent of control activity of the uninhibited enzyme. 
The concentration required for 50 per cent inhibition is given 


TaBLeE II 
Metal content of crystalline beef liver glutamic dehydrogenase 
(Unless otherwise indicated, metal content is given in micrograms per gm. of protein) 









































Preparation Zn > aed Zn Cu Fe Al Mg Ca Ba b= = anaies 
1 4.9 322 —t _ _— 43 — 40 35 3X 
2 4.4 290* 25 1X 
3 2.5 165 67* — 29 3 59 8 32 6X 
4 2.7 175* 26 1X 
5 2.6 171 i 219 13 19 80 8 32 5X 
6 4.0 260* 30 2X 
7 3.3 218 _ 7 _ 158 3 36 6X 
8 2.4 154 12* 30 17 27 50 5 33 1X 
Average....| 3.4 + 1.0 220 + 64 31 50 13 18 69 13 31 3X 





* Determined microchemically. 


Tt -— = Not detected and also Be, B, Cd, Co, Cr, Pb, Li, Mn, Mo, Ni, Ag, and Sn. 
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Tasxe III 
Metal content of fractions attending isolation of glutamic dehydrogenase from beef liver 
(Metal content in micrograms per gm. of protein; specific activity as change in 340 mu 
absorbance per 5 min. per mg. of protein) 
A B c D E F G H I J 
Fraction , 

Specte | Za Cu Fe Mn Al Cr Ba Mg Ca 
1. Liver homogenate.................. 255 23 285 Tuk 2.8 3.5 0.63 592 227 
9. PO,-EtOH extract................| 0.18 439 0 386 4.9 0.99 —* _ 751 78 
3. pH 5.9 precipitate.................. 2.2 281 137 —_ 9.7 _ 4.5 96 64 
4. Acid PO,-EtOH discard............ 0.027 553 54 575 5.2 1.1 _ - 1320 119 
5. 28% Na:SO, supernatant........... 5.1 87 16 218 _ -_ — 15 <200 672 
6. 28% NaSO, ppt. discard.......... 0.32 427 53 158 —_ 40 40 4.9 22 39 
7. 40% NaSO, discard............... 0.43 179 31 — _ _ —_ 37 913 1355 



































*— = Not detected, also Be, B, Cd, Co, Pb, Li, Mo, Ni, Ag, and Sn. 


TaBLe IV 
Metal content of crystal stages obtained in preparation 
of glutamic dehydrogenase 
(Unless otherwise indicated, metal content is given in micrograms 
per gm. of protein; specific activity as change in 340 my 
absorbance per 5 min. per mg. of protein) 











>[Me- 
Zn |(Zn + Other metals 
Ca)] Specific 
activity 
em. atoms/10* Cy| Fe | Al | Ba| Mg | Ca 
Starting crystals..... 1.8 | 8.5 341) 13 |205| 10 |—-7 | 19 
3X Crystallized...... 2.1 | 5.9 283] 12 | 24) 14 |268 | 22 
5X Crystallized...... 2.6 | 5.4 7 |219| 138} 8 19 | 80| 32 
6X Crystallized...... 3.3 | 0.3 —| 7} 3|— |158| 36 





























* All metals less zinc and calcium. 
t — = Not detected. 


TABLE V 
Effect of metal binding agents on glutamic dehydrogenase activity 
In calculating the activity, 3 ug. of enzyme is last added to a 








3 ml. reaction cuvette containing 1.1 X 10-? m glutamate, 8.3 X 

10-* m DPN, 8 X 10°? m potassium phosphate buffer at pH 7.8, 

and the appropriate concentration of agent; the change in 340 

my absorbance per 5 min. is measured. 

Agent Concentration Control activity 

molar % 

Eg is athinewnen nh camd snes 1 X 10° 57 

0) Se err err. 3 X 107! 45 

ee ote ease ss ee aes 3 X 10-3 45 

| Ae OL SS eee 8 X 10°% 10 

EP eer ae ood: 3X 10 42 

Diethyldithiocarbamate......| 2X 107? 68 

8-Hydroxyquinoline.......... 2.1 X 10-3 45 

8-Hydroxyquinoline.......... 5 X 10°° 10 

a ee ee er 4X 10-3 37 

eS SOR errr 1.7 X 10° 55 

Carbon monoxide............. Gas-saturated 37 

IND oo icavsnc's's snaps es 3 X 107 53 

NIE. Cc sce a aiewa an pels Saag 5 X 10-5 50 

RS dc a wes aio’ od. aaa 4X 10 5 

UES cic wh 0o5 eae oo Se wR 1x iv 13 











yYiimw 


for all reagents and, in addition, that required for more complete 
inactivation for four of the agents. Inhibition was achieved 
with sulfide, azide, thiourea, diethyldithiocarbamate, 8-hydroxy- 
quinoline, Cupferron, EDTA, carbon monoxide, pentanedione, 
Zincon, and thyroxine. All of these reagents inactivated the 
enzyme. The range of concentrations producing approximately 
50 per cent inhibition in the reaction cuvette varied from 5 x 
10-° m Zincon to 3 X 10~ of azide, thiourea, and pentanedione. 

Fig. 1 shows the effect of successive additions of OP and zinc 
ions to the reaction mixture. Optical absorbance at 340 my is 
plotted as a function of time. The addition of OP at a concen- 
tration of 2.67 x 10-* m, immediately reduced the activity to 
one-third of the original; upon the further addition of ZnClo, at 


80 


















T T | 
60 b— —_ 
, +267 x 10-3 M(OP) 
x< 
40 “ul 
¢ 
ie] 
oO 
20 ~d 
+ 0.67 x 10-°M(ZnCi,) 
0 | 
re) 2 4 6 ~ 


TIME ( MINUTES) 


Fig. 1. Effect of Zn** on the inhibition of glutamic dehy- 
drogenase by OP. Absorbance at 340 my (Dayo) as a function of 
time. Reaction velocity may be calculated from the slope of the 
curve. In the reaction cuvette at the start of the reaction 
(DPN) = 8.3 X 10-* M, (glutamate) = 0.01 m, potassium phos- 
phate pH 7.8, and 3 ug. glutamic dehydrogenase are present. 
Reagents are added as indicated in the figure. 
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a concentration of 6.7 x 10-‘ m, the original activity was re- 
stored. The addition of this concentration of zinc in the ab- 
sence of phenanthroline inhibits the enzyme almost completely. 
Reversal of the inhibition can also be obtained by dilution of the 
reaction mixture containing the enzyme and reagent. A 1:6 
dilution of a 75 per cent inhibited mixture restored the enzyme to 
full activity. 


DISCUSSION 


All of the crystalline preparations of beef liver glutamic de- 
hydrogenase contained zinc in excess of 2 gm. atoms per mole of 
protein. The average zinc content of eight preparations was 
3.4 + 1.0 gm. atoms per mole, a coefficient of variation of 30 
per cent. This variability derives both directly and indirectly 
from the large molecular weight of the enzyme protein (10° gm.) 
and the small mole ratio of metal to apoenzyme, 2 to 4:1; asa con- 
sequence the mass ratio of zinc to protein is 1:20,000. This ratio 
is about one-tenth that of the lower molecular weight zinc metal- 
loenzymes, carboxypeptidase, and yeast and liver alcohol de- 
hydrogenase. The demands on precise spectrochemical analysis 
are therefore considerably greater for this glutamic dehydrogen- 
ase. Theoretically, this obstacle could be overcome by the 
analysis of greater quantities of enzyme protein. However, 
this requires not only the ashing of large amounts of organic 
material in this instance, but also in the concomitant introduction 
of excessive crystallizing and solvent electrolyte into the porous- 
cup electrode, since the enzyme cannot be prepared entirely free 
from sodium sulfate and potassium phosphate. When these 
salts are present in high concentration relative to the trace 
metal(s) under analysis, there may be considerable decrease in 
the precision of the spectrochemical method of analysis (7). 
This could account in large measure for the variability of the 
spectrographic data observed. Moreover, dialysis of the crys- 
talline material to remove salts has been shown to offer a con- 
tamination hazard because of the difficulty of obtaining com- 
pletely metal-free dialysis tubing (13). With concentrations of 
zine of the present magnitude, the contamination introduced in 
this manner was found to equal the potential gain in precision 
obtainable by the removal of salt. Metals other than zinc were 
present in low and variable quantity in the crystalline enzyme. 

In the isolation of glutamic dehydrogenase from beef liver, 
the early stages of preparation apparently effect moderate 
protein purification, as indicated by enzymatic activity measure- 
ments, but do not contribute markedly to removal of metallic 
ions not attached to the enzyme. Moreover, no increase in the 
ratio of zinc to protein is observed before crystallization. This 
is not unexpected, since beef liver probably contains other zinc 
metalloproteins (e.g. alcohol dehydrogenase) with higher metal- 
to-protein stoichiometry. An increase in the zinc concentration 
of the fractions containing the glutamic enzyme would not be 
anticipated until these other proteins have been removed during 
purification. The high zinc content of Fraction 4 and Fraction 
6 might represent the elimination of nonglutamic dehydrogenase 
zinc. Actually, alcohol dehydrogenase activity is found in 
Fraction 4 which contains 553 yg. of zinc per gm. of protein. 
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On the other hand, the crystallization of glutamic dehydro- 
genase achieves not only an increase both of zinc concentration 
and specific activity, but the elimination of spurious elements 
as well. In fact, the greatest elimination of metals, other than 
zinc, accompanies the crystallization steps. This is particu- 
larly striking in the preparation of the 6X crystals. In this 
step, as in other instances, the crystals were removed from the 
supernatant fluid shortly after they began to form. This pro- 
cedure, which results in considerable purification of the enzyme 
with respect to metal, unfortunately leads to a small yield of 
crystalline material. Since calcium is absent from the starting 
crystals and is present in the crystallizing salts (Table I), its 
presence in variable quantity in the early stages of crystalliza- 
tion must be considered as a contaminant. Moreover, there 
is no correlation between the calcium concentration and specific 
enzymatic activity. 

The identification of zinc in glutamic dehydrogenase, an 
enzyme that catalyzes the reversible oxidative deamination of 
an amino acid, extends the potential range of action of this 
metal in the mechanism of pyridine nucleotide dependent de- 
hydrogenations, since it has been shown to participate in the 
reversible oxidation of primary and secondary alcohols such as 
ethanol and lactic acid. The importance of the metal in rela- 
tion to enzymatic function is indicated by the inhibitory action 
of a number of reagents of differing chemical structure, all capable 
of coordinating zinc ions. The inhibition by these reagents is 
immediate and reversible upon dilution and upon the addition 
of a metal ion capable of competing with enzyme zinc for the 
coordination site of the inhibiting compound. In this regard 
the inhibition is similar to that found for the alcohol dehydro- 
genases (2, 14). 

Most recently it has been demonstrated that beef liver glu- 
tamic dehydrogenase can be dispersed in the ultracentrifuge by 
one of these chelating agents, OP (5 x 10-* m), as well as by 
the addition of DPNH (1.3 x 10-* m) (15). This concentration 
of phenanthroline is sufficient to inhibit the enzymatic activity. 
It is suggested that four enzyme fragments are bound by zinc 
atoms to form the larger kinetic molecular unit. The variability 
in zinc content observed in this work might derive from the sta- 
tistical variation in the size of the polymer particle. 


SUMMARY 


Zinc is a constant constituent of crystalline beef liver glutamic 
dehydrogenase. Eight preparations contained between 2 and 
4 gm. atoms of zinc per mole of apoenzyme. The zinc concen- 
tration rises to a maximum value during the course of crystalliza- 
tion while the concentration of other metals falls to stoichio- 
metrically negligible levels. 

The enzyme is inhibited by a number of reagents of differing 
chemical structure but capable of coordinating zinc. This 
inhibition is immediate and reversible by dilution or the addition 
of zine ions to the reaction mixture. 


Acknowledgment—The technical assistance of Miss Janet M. 
Williams and Mrs. Alice Abrahamian is gratefully acknowledged. 
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Titratable Sulfhydryl Groups of Horse, Sheep, Dog, and 
Cow Hemoglobins at 0° and 38°* 
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In a previous paper (1) it was reported that normal hemo- 
globin (Hb-A) and sickle cell hemoglobin (Hb-S) have eight 
argentometrically titratable sulfhydryl groups per molecule at 
38°. The mercurimetric-amperometric titration data suggested 
that there are two —S—Hg—S—linkages possible in the Hb-A 
molecule, whereas three such bridges are possible in the Hb-S 
molecule. A subsequent report (2) indicated that there are 
eight argentometrically titratable sulfhydryl groups in the 
hemoglobin C (Hb-C) molecule; since 8 mercury atoms are also 
bound per molecule, it was suggested that these are “lone” 
—SH groups. It was also reported that fetal hemoglobin 
(Hb-F) contains six titratable sulfhydryl groups per molecule 
which occur as three close, neighboring pairs so that three 
—S—Hg—S— linkages are possible in this molecule. 

Ingram (3) has reviewed the literature on sulfhydryl groups 
of hemoglobins and made a comprehensive study of the —SH 
groups of hemoglobins from man, horse, ox, and sheep. He 
reported that native horse and ox hemoglobins have four sulf- 
hydryl groups in two pairs of closely neighboring groups. 
Native sheep hemoglobin has eight —SH groups in four such 
pairs. According to Ingram, horse hemoglobin denatured with 
dodecyl] sodium sulfate has six —SH groups probably situated 
symmetrically with respect to a diad axis in two clusters of 
three. Benesch et al. (4) also reported that there are eight 
argentometrically titratable sulfhydryl groups per molecule of 
sheep hemoglobin. They reported ten sulfhydryl groups per 
molecule of dog hemoglobin. These investigators also noted 
that the sulfhydryl groups of sheep hemoglobin are fully re- 
active while most of those of canine and human hemoglobins are 
highly inaccessible. 

The present study is an extension of the previous reports 
(1, 2, 5) on the conformational differences of sulfhydryl groups 
in hemoglobins of horse, sheep, dog, and cow. The maximal 
number of titratable —SH groups in horse and cow hemoglobins 
is the same; there are six sulfhydryl groups per molecule in both 
instances. However, the cow hemoglobin has a_ negative 
temperature coefficient of binding of heavy metals. Sheep and 


* The author is a Public Health Research Fellow of the National 
Cancer Institute and this work was also aided in part by funds 
supplied by the Office of Naval Research and the Bureau of 
Medicine and Surgery, Department of the Navy, and was done 
under contract between the Office of Naval Research and the 
University of Pennsylvania. 

+ Present address, Medical Research Council Unit for Molec- 
ular Biology, Cavendish Laboratory, Cambridge University, 
Cambridge, England. 


dog hemoglobins have eight and ten titratable —SH groups per 
molecule, respectively. From the analysis of the data reported 
here, a discussion on the nature of mercapto-mercapto (or 
sulfhydryl-sulfhydryl) interactions in hemoglobins is presented. 


EXPERIMENTAL 


The dialyzed hemoglobin solutions were prepared as previously 
described (2). The last trace of electrolytes was removed by 
electrodialysis. 

The hemoglobin concentration was determined spectro- 
photometrically. An aliquot is converted to cyanmethemo- 
globin and its optical density determined in a 1 cm. Corex 
Beckman cell at 540 my in the Beckman model DU spectro- 
photometer. A molecular extinction coefficient of 11.5 K 10 
at 540 my and a molecular weight of 16,700 per heme were 
adopted for the calculations (6). 

The apparatus! and technique used for the amperometric 
titrations were essentially the same as previously described (2). 
The argentometric-amperometric titration method of Benesch 
et al. (4) was utilized. The titrations were performed in 30 
ml. of tris(hydroxymethyl)aminomethane buffer? pH 7.4. The 
temperature of the solution was controlled in a thermostatic cell, 
as previously described (2). 

The method of Kolthoff et al. (8) was utilized for the mercuri- 
metric-amperometric titration. 
was deoxygenated,*? the hemoglobin solution was then added 
from a self-adjusting micropipette (9). The titrating agents 
were added from a syringe microburette as previously described 
(2). In all titrations, 20 ul. of 5 X 10-* M titrating agent were 
added at 1 minute intervals. A total of 400 wl. of the titrating 
agent were used in each titration. 


RESULTS 


Horse Hemoglobin—At 0° the steric hindrance effect on titrat- 
able mercapto groups appears to be slightly increased so that 


the maximal number of titratable —SH groups are not available . 


to the titrating agents; on the average, 5 silver and about 2 


1An automatic amperometric titration apparatus is available 
although it was not used in this investigation. It is described by 
M. Murayama (7). 

2 Potassium nitrate was used in place of KCl. 

3 To minimize protein denaturation the buffer was deoxygenated 
before the hemoglobin solution was added into the titrating vessel. 
Pure nitrogen was washed through a solution of the same composi- 
tion as that used in the beaker. Deoxygenated hemoglobin was 
being titrated in all instances. 
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TaBLeE I 


Titratable—SH groups of horse, sheep, dog, and cow 
hemoglobins at 0° and 38° 


In each instance there were eight determinations 

















Kind of Silver atoms Mercury atoms | Silver atoms Mercury atoms 

hemoglobin |bound per 4 of Fe|bound per 4 of Fe/bound per 4 of Fe|/bound per 4 of Fe 
O degrees O degrees | 38 degrees 38 degrees 

Horse. ..| 4.90 + 0.70) 2.64 + 0.43) 6.04 + 0.11) 3.02 + 0.11 

Sheep... .| 8.12 + 0.32| 4.40 + < 8.08 + 0.29| 4.16 + 0.35 

ae 10.05 + 0.48) 5.09 + 0.39)11.33 + 0.41) 8.66 + 0.56 

Cow.....| 6.25 + 0.51) 2.79 + 0.36) 4.45 + 0.23) 2.35 + 0.38 





mercury atoms are bound per molecule. At 38°, however, 6 
silver and 3 mercury atoms are bound per molecule (Table I). 
The data suggest that sulfhydryl groups are so arranged that 
three —S—Hg—S— linkages are possible at the equivalence 
point of the mercurimetric-amperometric titration. In —S— 
Hg—S— the centers of the sulfur atoms are separated by twice 
the covalent Hg—S bond distance, giving S—Hg—S = 5.60 A. 

Sheep Hemoglobin—The argentometric-amperometric titration 
data indicate that there are eight titratable sulfhydryl groups 
per molecule of sheep hemoglobin at 0° as well as at 38° (Table 
I). Since 4 Hg atoms are bound per molecule, the data suggest 
that four —S—Hg—S— linkages are possible for this hemoglobin 
molecule at 0° as well as at 38°. 

Dog Hemoglobin—About 10 silver atoms and about 5 mercury 
atoms are bound per molecule of dog hemoglobin at 0°. At 
38° the values found are about the same within the Ist hour of 
incubation of the hemoglobin solution. However, as the hemo- 
globin solution is incubated longer than an hour, the number of 
mercury atoms bound per molecule increases asymptotically up 
to about 9 per molecule; 7.e. during the 1st hour of incubation, 
about 5 mercury atoms are bound per molecule, during the 
second hour 6, and so on. The number, however, does not rise 
above 9 at 38°. This suggests that the molecule undergoes a 
slow architectural alteration which brings about conformational 
changes of sulfhydryl groups so that more mercury atoms are 
bound (Table I). It appears that at 0°, five —S—Hg—S— 
linkages are possible; however only one bridge remains when 9 
mercury atoms are bound per molecule. 

Cow Hemoglobin—At 0° about 6 silver atoms are bound per 
molecule of cow hemoglobin, and about 3 mercury atoms are 
bound per molecule (Table I). The data suggest that about 
three —S—Hg—S— linkages are possible at 0° in the molecule. 
But in contrast to the other hemoglobins investigated thus far, 
the cow hemoglobin is different in that it has a negative tem- 
perature coefficient of binding of heavy metals. It appears that 
the molecule undergoes an architectural alteration when the 
temperature of the solution is changed from 0° to 38° in such a 
manner that some of the —SH groups become more sterically 
hindered by the protein part of the molecule. On the average, 
about 4 silver atoms and 2 mercury atoms are bound per mole- 
cule (Table I) at 38°. 


DISCUSSION 


The present study of the titratable sulfhydryl groups of 
horse, sheep, dog, and cow hemoglobin gives additional support 
to the views previously presented (1, 2, 5) that there is a close 


M. Murayama 
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Fic. 1. Plots of log [y/(1 — y)] against log [Hg**] free at 25° 
and pH 7.3, in solutions of native and denatured dog hemoglobin. 
The slope of the curve indicates the degree of interaction between 
the mercapto groups. The native dog hemoglobin curve 
(®——®) with a slope of 2.9 indicates a strong interaction. 
Upon the addition of dodecyl sodium sulfate, the slope of the 
curve (O——O) becomes 1, and it appears that the interaction 
vanishes. 


relationship between the genetics of an individual organism and 
the kind of protein it produces; and, further, that the hetero- 
geneity of hemoglobins may, in part, be due to the conformational 
differences of the peptide chains which are reflected in the 
conformational differences of —SH groups. These particular 
differences are made apparent by the number of —S—Hg—S— 
linkages which are possible in a mercurimetric-amperometric 
titration. 

The data reported here agree well with those reported by 
Ingram (3) on —SH groups of hemoglobins of horse, sheep, and 
ox, as well as those reported by Benesch et al. (4) on sheep and 
canine hemoglobins.‘ 

In the discussion on the steric hindrance theory of heme- 
heme interaction, St. George and Pauling (10) showed that the 
affinity of hemoglobin for the ligand depended upon the size of 
the alkyl groups; the larger the alkyl groups, the lower the 
affinity. The situation described here involves a converse 
relation. Since the ligand remains the same, the affinity may 
be inferred to depend on the difference in the “looseness” of the 
polypeptide chains with respect to —SH groups; i.e. the more 
tightly the chains are coiled or folded in the region of the sufl- 
hydryl group, the lower the affinity for the heavy metal ions. 

In a previous paper (1) it was reported that at 0° four —SH 


* Although the specificity of the determination was adequately 
evaluated by Benesch, et al. (4) as well as by Kolthoff, et al. (8) 
for their respective methods, it was interesting to find that no 
heavy metal binding takes place when the following samples are 
tested; horse myoglobin, insulin, a-chymotrypsin, and ribo- 
nuclease. The amperometric titration methods appear to be 
unequivocal as is shown also by Ingram (3) who found no heavy 
metal uptake by samples of ribonuclease, chymotrysinogen, 
insulin or myoglobins of horse, sperm whale, and elephant seal. 
Nevertheless, it cannot be overemphasized that the sulfhydryl 
group is defined operationally. 
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groups of hemoglobins A and § are sterically hindered, but that 
they become accessible to the titrating agents at 38°. In hemo- 
globin C the four groups which become accessible at 38° have a 
lower affinity for the titrating agents (2) than the —SH groups 
denoted as 1, 2, 3, and 4. These designations are used for 
convenience to denote those —SH groups at the periphery of 
the diagrams in reference (2), whereas the —SH groups which 
are titratable at 38° are designated by the numbers 5, 6, 7, and 
8. Sulfhydryl groups numbers 5, 6, 7, and 8 appear to behave 
as a single set of binding sites with cooperative interaction 
between them. The uptake of the mercuric ion by —SH 
number 5 appears to make it easier for the next to come onto 
—SH number 6 and so on. There is interaction among the 
—SH groups numbers 5, 6, 7, and 8. The interaction constant 
n is evaluated from the equation 


y = Ku"/(1 + Km") (1) 


where y = the fractional saturation of —SH groups numbers 5, 
6, 7, and 8 with respect to the mercuric ions; M = the molar 
concentration of unbound mercuric ions; K = the association 
constant; and n = the interaction constant (where n = 1, this 
corresponds to no mercapto-mercapto interaction). By re- 
arrangement 


y/(l — y) = Ku" (2) 


or on taking logarithms of both sides of equation (2): 
log [y/(1 — y)] = nlogm + log K 


A plot of log [y/(1 — y)] against log m gives a straight line with 
a slope n of about 3 for those sulfhydryl groups which become 
accessible at 38°. However, upon the addition of dodecyl sodium 
sulfate (400 molecules per 4 of Fe), the interaction constant n 
becomes about 1, and the interaction then vanishes. Similar 
observations are made with dog hemoglobin and will be elabo- 
rated below. 

The mercurimetric-amperometric titration curves for dog 
hemoglobin are essentially the same as those shown for hemo- 
globin C (2). Plots of log [y/(1 — y)]* against the log of concen- 
tration of unbound mercuric ions is shown in Fig. 1 where it can 
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be seen that the slope is about 2.9 for the native molecule and 
about 1 for the denatured molecule. Furthermore, the affinity 
for the heavy metal ion is increased on denaturation, and an 
increase of about 4-fold in the affinity constant is observed 
when the dog hemoglobin is denatured with dodecyl sodium 
sulfate (400 molecules to 4 of Fe). This difference in the com- 
bining power of mercuric ion for mercapto-mercury complex 
formation requires that the energy barrier due to steric hindrance 
be about 0.9 kilocalorie mole— greater for the native than for 
the denatured molecule. The mercapto-mercapto interaction of 
hemoglobins appears to arise from steric’ hindrance. 


SUMMARY 


1. Amperometrically titratable sulfhydryl groups of electro- 
dialyzed hemoglobins of horse, sheep, dog, and cow have been 
investigated with argentometric and mercurimetric methods at 
0° and 38°. 

2. Horse hemoglobin binds about 5 silver and about 2 mercury 
atoms per molecule at 0°; at 38°, 6 silver and 3 mercury atoms 
are bound per molecule. 

3. Sheep hemoglobin binds either 8 silver atoms or 4 mercury 
atoms per molecule at the ice point, at room temperature, and 
at body temperature. 

4. Dog hemoglobin binds either 10 silver atoms per molecule 
at 0° or about 5 mercury atoms per molecule. However, at 
38° the number of mercury atoms bound per molecule gradually 
increases as a function of incubation time, up to about 9. The 
number of silver atoms bound per molecule remains essentially 
unchanged. 

5. Cow hemoglobin resembles horse hemoglobin with respect 
to the maximal number of sulfhydryl groups titratable; how- 
ever, it has a negative temperature coefficient of binding of 
heavy metals. At 0° it binds 6 silver atoms per molecule and 3 
mercury atoms per molecule. At 38° only about 4 silver atoms 
are bound per molecule and about 2 mercury atoms. 

6. A discussion on the nature of mercapto-mercapto (or 
sulfhydryl-sulfhydry]) interaction is presented. 

Acknowledgmenits—The author wishes to express his indebted- 
ness to Dr. Frederick Leaver and Dr. Harry M. Vars who 
generously provided the blood specimens. 
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Studies on the Organic Phosphate Moiety 
of Liver Phosphorylase’ 


Water D. Wostairt 


From the Department of Pharmacology, School of Medicine, Western Reserve University, Cleveland, Ohio 


(Received for publication, May 13, 1958) 


The enzyme denoted here as LP phosphatase! converts liver 
phosphorylase to inorganic phosphate and dephosphophosphor- 
ylase, with a concomitant loss in enzyme activity (1, 2). En- 
zyme activity can be restored by rephosphorylation of dephos- 
pho-LP (3), thus indicating the essential nature of the phosphate 
moiety. In order to obtain information concerning the site of 
the phosphate group in the enzyme, P*-labeled phosphorylase 
was partially hydrolyzed with trypsin and acid, and various 
fragments were isolated by ion exchange chromatography. The 
present report describes the isolation and identification of phos- 
phoserine from these hydrolysates. 


MATERIALS 


The materials used in the enzyme preparations and assay 
systems were prepared as described previously (2, 4). Samples 
of O-phosphoserine and phosphotyrosine were kindly supplied 
by Dr. T. L. MeMeekin. Samples of other phosphohydroxy- 
amino acids were synthesized according to the method of Plim- 
mer (5). Purified samples of acid prostatic phosphatase were 
kindly supplied by Dr. H. Z. Sable. 


METHODS 


Analytical Methods 


The microanalytical procedures used, as well as the method of 
determining LP activity and the amount of P® liberated from 
LP-P®, are described elsewhere (2, 4). Quantitative determina- 
tions of amino acids were made according to the procedure de- 
scribed by Troll and Cannan (6), adapted to a 1.0 ml. system. 
The extent of hydrolysis of organic P®, or the degree of contam- 
ination of various samples with inorganic P®, was determined by 
measuring the distribution of radioactivity between the organic 
and aqueous phases, according to the procedure described by 
Berenblum and Chain (7) scaled down to 0.5 ml. 

Dowex 1-Chloride Chromatography of Phosphopeptides—The 
acid-hydrolyzed samples were neutralized and applied to a col- 
umn of Dowex 1-chloride (200 to 400 mesh, 8 per cent cross- 


* This research was supported in part by a grant (No. G-660) 
from the National Science Foundation. 

+ Present address: Department of Pharmacology, State Uni- 
versity of New York College of Medicine at New York, City, 
Brooklyn, New York. 

!The abbreviations used are: LP, dog liver phosphorylase; 
LP-P#, liver phosphorylase labeled with P**-orthophosphate 
which was susceptible to hydrolysis by LP phosphatase; LP phos- 
phatase, liver phosphorylase-inactivating enzyme; TCA, trichlo- 
roacetic acid. 


linkage), 1 cm. in diameter and 14 em. in length. The column 
was washed with water and the radioactive material was eluted 
in a pH gradient system in an apparatus similar to that described 
by Busch et al. (8). The mixing chamber contained 50 ml. of 
distilled water and the reservoir contained 175 ml. of dilute 
HCl, pH 1.7. 5.0 ml. fractions were collected, under pressure, 
at the rate of 0.5 ml. per minute at 21°. 

Paper Electrophoresis and Chromatography—Horizontal open 
strip electrophoresis was carried out at 3° on 1 inch strips of 
Whatman No. 1 paper, with 0.05 m potassium phosphate buffer, 
pH 6.2. After electrophoresis the strips were dried at 100° and 
sprayed with ninhydrin (9). The migration of radioactive ma- 
terial was determined by counting the radioactivity on 0.5 cm. 
sections of the strips. When necessary, excess HCl was removed 
from the samples by extraction with di-2-ethylhexylamine in 
chloroform (10) before electrophoresis or paper chromatography. 

Descending paper chromatograms were produced on Whatman 
No. 1 paper (16 X 67 cm.) over a 24 to 27 hour period at 21°, 
with the use of two different solvent systems. The most effec- 
tive was a phenol-water solvent which contained 8-hydroxyqui- 
noline (11). The second system consisted of benzene, propionic 
acid, and water (12) which was modified by the addition of 0.03 
per cent 8-hydroxyquinoline. The dried chromatograms were 
analyzed as above. 


Preparation of LP-P® from Liver Slices 


To obtain samples of LP-P® which had a higher specific radio- 
activity than previously reported, the incubation procedure (3) 
was modified by omitting the unlabeled inorganic phosphate 
from the media and by increasing the amount of P®-orthophos- 
phate to about 35 mc. The liver slices were incubated at 37° 
for 13 minutes, at which time the P*-orthophosphate was added. 
After 20 minutes of incubation epinephrine was added and the 
vessels were oxygenated for an additional 5 minutes, after which 
the slices were homogenized. Nonradioactive control vessels 
were used to determine the LP content of the slices at zero time 
and at 20 minutes. The epinephrine-oxygenation step resulted 
in consistently higher reactivation than had previously been re- 
ported (3). The extent of reactivation varied between 80 and 
120 per cent of the zero time values. 

Radioactive phosphorylase was purified by the procedures de- 
scribed previously (3, 4). During purification of LP-P® the 
radioactive samples were pooled at Step 2 with a nonradioactive 
0.66 ammonium sulfate fraction obtained from one liver, and at 
Step 5 with a third alcohol fraction from three livers; Step 8 was 
omitted. This yielded about 200 mg. of LP at Step 9 with spe- 
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cific activity values ranging from 17 to 28 units per mg. of pro- 
tein and having about 105 c.p.m. The TCA-insoluble material 
usually contained 90 per cent or more of the total counts. In- 
activation of samples of the radioactive enzyme showed that 70 
to 85 per cent of the radioactive phosphorus could be released by 
LP phosphatase. 


Partial Hydrolysis of LP-P® 


Action of Trypsin on LP-P®—Samples of LP-P® were incu- 
bated at room temperature with and without added trypsin at 
a pH determined by that of the two protein solutions (usually 
between 7.3 and 8.0). Residual LP activity was assayed after 
dilution of 0.01 ml. aliquots of the LP-trypsin reaction mixture 
in trypsin inhibitor. A time course for this reaction is shown 
in Fig. 1. Larger aliquots of the LP-trypsin reaction mixture to 
be used for analysis were treated with TCA or perchloric acid. 
Upon complete trypsin inactivation, the radioactivity was found 
in the acid supernatant fluid in an organic form (comparable in 
amount to that released from LP-P® by LP phosphatase), to- 
gether with an ultraviolet-absorbing material which appeared to 
be protein in nature. 280:260 my absorption ratios indicated 
0 to 1 per cent nucleic acid, whereas the adenylic acid (based on 
absorption at 250 and 260 my) present could account for only 
one-fourth to one-half of the phosphate present. Attempts to 
fractionate the radioactive acid-soluble material were unsuc- 
cessful. The acid-soluble material appeared to result from a 
preferential split of LP rather than from extensive tryptic di- 
gestion, and was tentatively designated as the acid-soluble frag- 
ment. Preparations which did not possess maximal LP activity 
released an amount of protein in an acid-soluble form which 
corresponded to 6 to 7 per cent of the LP in the preparations, 
indicating that LP-P® preparations with less than maximal spe- 
cific activity rates could be used for these studies. 

Preliminary experiments demonstrated that trypsin digestion 
proceeded as rapidly at pH 6.7 as at pH 8.0. In a typical experi- 
ment with 0.55 mg. of LP-P® as a substrate, 51 ug. of protein 
(187 c.p.m.) were converted to an acid-soluble form in 30 minutes 
at pH 8.0, whereas 42 yg. of protein (160 c.p.m.) were released 
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Fia. 1. Formation of material soluble in trichloroacetic acid 
during trypsin inactivation of LP-P*. 4.45 mg. of LP-P* in 1.0 
ml. of water (pH 7.2) were incubated with 10 ug. of trypsin at room 
temperature. Aliquots were taken at the indicated times for de- 
terminations of residual phosphorylase activity and the release of 
acid-soluble materials. Results are expressed as ug. of protein 
and c.p.m./0.15 ml. of original reaction mixture. 
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at pH 6.7, at which time the extent of inactivation was 90 per 
cent or more. 

Additional acid-soluble protein was found to be released by 
trypsin action even after the complete loss of LP activity. Con- 
sequently the complete loss of activity was used as a criterion 
for the termination of the large scale inactivations in which 100 
to 200 mg. samples of LP-P® were incubated with 1 to 2 mg. of 
trypsin. The reactions were stopped with 0.1 volume of 50 per 
cent TCA when complete inactivation of LP had occurred 
(usually in 10 to 20 minutes). The TCA-treated sample was 
chilled and centrifuged. Additional radioactive material was ex- 
tracted from the precipitate with a small volume of 5 per cent 
TCA and was pooled with the first supernatant fluid. The TCA 
was removed from the samples by extraction with ether and the 
samples were concentrated to a volume of 2 to 3 ml. 

Acid Hydrolysis—The concentrated samples were adjusted 
to 2 n HCl with redistilled 6 Nn HCl and heated at 98-100°. 
After 5 hours there was about 25 per cent hydrolysis of the 
organic phosphate, whereas after 10 hours about 50 per cent 
hydrolysis occurred. A 5 hour hydrolysis was used initially, 
although various column fractions were further hydrolyzed for 
10 hour periods. After hydrolysis the samples were taken to 
dryness. 


Isolation and Characterization of Radioactive Materials 


Fractionation on Dowex 1-Chloride Resin—The dried hy- 
drolysates were dissolved in 5 to 10 ml. of water, neutralized 
with KOH, and chromatographed on Dowex 1-chloride. Usually 
more than 80 per cent of the ninhydrin-reacting material ap- 
peared in the filtrate and wash, whereas more than 90 per cent 
of the radioactivity was retained by the resin. During elution 
organic P® appeared in the effluent at pH 3.7 (Peak I), 2.4 
(Peak II), and 2.2 (Peak III), and inorganic P® at pH 1.95 
(Peak P;), yielding an elution pattern similar to that shown in 
Fig. 2. More than 95 per cent of the radioactivity was ac- 
counted for in these fractions. Under these conditions, reference 
samples of phosphoserine and phosphothreonine appeared in the 
effluent at pH 2.2. 
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Fic. 2. Dowex 1-chloride chromatogram of partial hydrolysate 
of radioactive materials from Peaks Iand II. A 20 mg. sample of 
the acid-soluble fragment was hydrolyzed for 5 hours and then 
chromatographed. The materials from Peaks I and II were 
pooled, hydrolyzed for 10 hours, and chromatographed, providing 
the results shown above. 
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Fig. 3. The electrophoretic migration of material from Peak 
III. Asample of material from Peak III was pooled with samples 
of phosphoserine, phosphothreonine, and phosphotyrosine for 
electrophoretic separation on Whatman No. 1 paper. After 
electrophoresis the strip was developed, a densitometer tracing? 
of the ninhydrin spots was obtained, and the distribution of radio- 
activity was determined. 
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The material represented by Peaks I and II appeared to be 
composed of larger peptides which upon further hydrolysis for 
10 hours and chromatography yielded two peaks of radio- 
activity corresponding to Peaks III and Pj, as shown in Fig. 2. 
Subjecting Peak II material to a third hydrolysis yielded two 
new peaks of radioactivity which corresponded to Peaks III and 
Fi. 
Although identification of the moiety was accomplished 
mainly by carrier and chromatographic techniques, a number of 
the more radioactive fractions were concentrated and analyzed 
by other procedures. Some of these samples, although not 
entirely free of ultraviolet-absorbing material, could account for 
only one-third to one-half (based on the ultraviolet absorp- 
tion) of the P® present. Ribose analyses, with the use of 
orcinol, indicated amounts less than 1 per cent of the amount 
of phosphate present, even with a preliminary hydrolysis in 6 
nN HCl for 1.5 hours at 100°. Analyses with the anthrone reagent 
showed that compounds forming furfural derivatives were in a 
similar low range. Of the analyses performed, the only positive 
reaction associated with the radioactivity was with ninhydrin. 

Paper Electrophoresis and Chromatography—For routine anal- 
ysis, paper electrophoretic studies were performed on samples 
of column fractions which were mixed with synthetic phos- 
phohydroxyamino acids. As shown in Fig. 3, a separation of 
the phosphohydroxyamino acids was effected by use of the 
procedures described. Material from Peaks I and II migrated 
about 7 and 12 cm., respectively, whereas material from Peak 
III migrated exactly as did phosphoserine. 

Additional evidence bearing on the nature of the radioactive 
fractions was obtained by paper chromatography. In both 
solvent systems the radioactive material from Peak III migrated 
with the same R,; as did phosphoserine* (separately or mixed 


2 The tracing was made at the Cleveland Clinic by Mr. Fred- 
erick Olmsted on a densitometer of his design (unpublished). 

’ For purposes of comparison the Rr values of phosphoserine, 
phosphothreonine, and phosphotyrosine in the phenol solvent sys- 
tem were 0.10, 0.16, and 0.24, whereas in the benzene-propionic 
acid-water system the Rr values were 0.44, 0.53, and 0.54, respec- 
tively. 
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with synthetic phosphoserine), supporting the view that Peak III 
material and phosphoserine were identical. The radioactive 
material from Peak III was also found to be indistinguishable 
from phosphoserine in experiments involving fractional alcohol 
precipitation similar to those described by Schaffer et al. (13). 


Enzyme Studies Concerning the Nature of the Phosphate Moiety 


LP phosphatase was reported to release small amounts of 
phosphate from phosvitin (2), which suggested phosphomono- 
esterase activity since titration studies indicated that the phos- 
phate of phosvitin was present as the monoester (14). In the 
present studies the initial rate of formation of inorganic phos- 
phate from phosvitin by LP phosphatase was found to be 
comparable to the rate found when LP was used as a substrate. 
Since phosphoserine was isolated from phosvitin and LP, the 
specificity studies of LP phosphatase were extended to include 
phosphoserine. No measurable amount of inorganic phosphate 
was released from phosphoserine (or phosphothreonine), even 
after prolonged incubation with relatively large amounts of LP 
phosphatase. 

The acid-soluble fragment was also tested as a possible sub- 
strate for LP phosphatase, but only small amounts of inorganic 
P® were released. Since the fragment might have been de- 
natured by acid treatment, a few experiments were performed 
on samples in which tryptic action had been stopped with 
trypsin inhibitor. Under these conditions LP phosphatase 
released inorganic P® from the fragment, but the rate was 
markedly reduced when compared with the rate on LP-P®, 
Whether this was attributable to a separation of auxiliary 
combining sites which were separated by the action of trypsin 
or to an inhibition of LP phosphatase by the split products has 
not been determined. In similar studies with prostatic phos- 
phatase, it was found that P® was released from the fragment 
produced by trypsin action on LP; however, intact LP appeared 
to be not affected. 


DISCUSSION 


The acid-soluble material released from LP by inactivation 
by trypsin contained about 6 to 7 per cent of the LP protein. 
Assuming the material to be a single fragment rather than a 
mixture of fragments, this would correspond to about 1 mole of 
phosphate per 6000 to 7000 gm. of fragment. Partial hydrol- 
ysis of this material resulted in the formation of a mixture of 
peptides which were separated by ion exchange chromatography. 
The material from Peak III behaved as phosphoserine, as 
evidenced by Dowex 1-chloride chromatography, paper electro- 
phoresis, paper chromatography in two different solvent systems, 
and fractional alcohol precipitation. Although Peak III did 
not ‘contain the major portion of radioactive material, the 
others, i.e. I and II, upon further hydrolysis yielded material 
which behaved as phosphoserine. The possibility that a phos- 
phate migration might have taken place cannot be excluded. 
The possibility that peptides were esterified during hydrolysis 
seems unlikely; Agren et al. (15) did not observe this during 
partial hydrolysis of casein or organ proteins. 


SUMMARY 


The trypsin-catalyzed inactivation of P®-labeled liver phos- 
phorylase resulted in the formation of an acid-soluble fragment 
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containing the radioactivity and 6 to 7 per cent of the protein. phoserine and the remaining organic fractions, upon further 
After partial hydrolysis of the fragment various radioactive hydrolysis, yielded phosphoserine. 


fractions were separated by ion exchange chromatography. One Acknowledgment—The author wishes to thank Mr. James W. 
of the fractions was found to be indistinguishable from phos- Davis for technical assistance in these studies. 
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Studies on the Enzymatic Utilization of Amino Acyl Adenylates: 
the Formation of Adenosine Triphosphate* 
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Department of Microbiology, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, March 3, 1958) 


The enzymatic formation of acetyl coenzyme A from adeno- 
sine triphosphate (ATP),' acetate, and CoA was recently shown 
to occur (1, 2) by a two step reaction mechanism. This involves 
first, the reaction of ATP and acetate with an elimination of 
inorganic pyrophosphate and the formation of the 5’-phospho 
acetyl derivative of A5P. In the presence of CoA, this acetyl 
derivative is cleaved to form acetyl] CoA and A5P (Equations 
1 to 3). 


++ 





ATP + acetate acetyl adenylate + PP (1) 








Acetyl adenylate + CoA acetyl CoA + A5P (2) 











M ++ 





ATP + acetate + CoA acetyl CoA + A5P + PP (3) 





The widespread occurrence of this type of reaction in the 
activation of other fatty acids (3-6), inorganic acids (7-9), and 
other acyl compounds (10, 11) has been established by a number 
of investigators. Of particular interest was the discovery by 
Hoagland et al. (12, 13) and others (14-18) of enzymes which 
catalyze an amino acid-dependent exchange of ATP and PP®. 
Purification of several of these enzymes and further studies of 
the mechanism of the reaction (14-17) revealed that they were 
relatively specific for a single amino acid and furthermore, that 
the reaction very likely involved the formation of a carboxyl 
phosphate anhydride derivative of A5P and the amino acid 
with the liberation of inorganic pyrophosphate (Equation 4). 

; a 
ATP + amino acid ——— amino acyl adenylate + PP (4) 





The evidence supporting this hypothesis is as follows: (a) There 
is essentially no exchange of PP® with ATP in the absence of 
the amino acid (15, 16); (b) in the presence of hydroxylamine 
there is an accumulation of equivalent amounts of the amino 
acid hydroxamate, A5P, and PP (15, 16); (c) free A5P is not 
formed as evidenced by the failure to find significant exchange 
of C4-A5P with ATP (13, 15), and (d) O from the carboxyl 
group of the amino acid is transferred to the phosphate group of 
A5P in the presence of hydroxylamine (19, 20). Various at- 
tempts to isolate the postulated amino acyl adenylates have to 
date been unsuccessful and these failures have led to the notion 
that these compounds do not exist in the free state but rather in 
a complex with the enzyme (13). 


* This work was supported by a grant from the U. 8. Public 
Health Service. 

' The abbreviations used are: ATP, adenosine triphosphate; 
CoA, coenzyme A; PP, inorganic pyrophosphate; A5P, adenosine- 
5’-monophosphate; Tris, tris(hydroxymethyl)aminomethane. 
A-2, alcohol fraction; AS-1, -2, ammonium sulfate fractions. 
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More direct evidence supporting the proposal of amino acid 
adenylate formation was obtained by using the chemically 
synthesized derivatives. DeMoss et al. (21) demonstrated that 
the enzyme from Escherichia coli which catalyzes the L-leucine- 
dependent exchange of PP® with ATP also effects the conversion 
of t-leucyl adenylate to ATP. Subsequently it was reported (22) 
that L-methionyl adenylate is converted to ATP by an analogous 
enzyme isolated from yeast. In the present paper several 
aspects of the conversion of methionyl adenylate and other 
amino acyl adenylates to ATP are reported and in a second study 
(23) methods for the chemical synthesis and purification of a 
number of amino acyl adenylates are described. 


MATERIALS AND METHODS 


PP® was prepared by heating NasHP®O, at 400° for 1 hour 
and isolated by chromatography on a Dowex 1 Cl- column. 
ATP, triphosphopyridine nucleotide, hexokinase, and glucose-6- 
phosphate dehydrogenase were purchased from the Sigma 
Chemical Company. All the amino acids used were Cfp grade 
as provided by the California Foundation for Biochemical 
Research. The various amino acid adenylates were prepared, 
purified, and determined as described in a second report (23). 

Assay Procedures—Generally two methods were used to 
measure the formation of ATP from the amino acyl adenylates. 
The first relied on the conversion of PP® to a Norit-adsorbable 
form (15, 24). The incubation mixture ( 1 ml.) contained 160 
umoles of potassium succinate buffer, pH 5.6, 5 umoles of 
MgCl, 2 umoles of PP® containing 2.5 to 10 x 10‘ ¢.p.m. per 
umole, between 1 and 1.5 umoles of the amino acid derivative 
and the enzyme. All the components except the amino acyl 
adenylate were mixed, equilibrated at 37° for 3 minutes and then 
the amino acyl adenylate was added. After 3 minutes the 
reaction was terminated by the addition of 0.5 ml. of 0.7 m 
perchloric acid and the ATP formed was adsorbed on Norit and 
treated as previously described (15). 1 unit of activity is 
equal to the formation of 1 umole of ATP in 15 minutes under 
these conditions. In the second procedure the same incubation 
mixture was used except for the substitution of unlabeled PP 
for the PP® and the ATP formed was determined spectro- 
photometrically by TPN reduction in the coupled hexokinase, 
glucose-6-phosphate dehydrogenase system (25). The values 
obtained with these two procedures differed by less than 10 
per cent. Using PP® incorporation as a measure of the reaction, 
the amount of ATP formed was proportional to the amount of 
enzyme protein added. Thus with 3.3, 6.5, 13, 26, and 52 yg. 
of protein, there were 23, 24, 25, 25, and 26 units of activity per 
mg. of protein, respectively. 
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The purification of the enzyme was followed by measuring the 
t-methionine-dependent exchange of PP® and ATP as previously 
described (15). The unit is defined as the incorporation of 1 
pmole of PP into ATP per 15 minutes. 

Enzyme Preparation—In a previous report (15), a procedure 
for the purification of an enzyme from brewers’ yeast, which 
catalyzes the exchange of PP® with ATP in the presence of 
t-methionine, was described. This involved fractionation of 
the yeast extract with alcohol followed by ammonium sulfate 
precipitation. These procedures yielded a preparation with a 
specific activity of about 15 (units per mg. of protein) compared 
to the initial extract which had a specific activity of approxi- 
mately 0.2. In the present work, the purification procedure 
was extended with a view towards achieving more purified 
enzyme and to obtaining fractions with varying specific ac- 
tivities for studies of the specificity of the reaction. The 
following is a description of the preparative procedures for the 
enzyme fractions used in the current work. 

To 25 ml. of the previously described fraction (15) AS-1 
(specific activity 8.1, 4.9 mg. of protein per ml) was added 
0.5 ml. of a solution of crystalline pancreatic ribonuclease (10 
mg. per ml.) and the mixture was incubated at room temperature 
for 15 minutes. After cooling to 3°, 6.5 gm. of ammonium 
sulfate were added and the pH was adjusted to pH 4.6 by the 
addition of 0.6 ml. of 1 Nn sulfuric acid. After 5 minutes the 
precipitate was centrifuged and discarded. 2.1 gm. of am- 
monium sulfate were added to the supernatant fluid and after 
5 minutes the precipitate was centrifuged and dissolved in 10 
ml. of 0.1 m potassium succinate buffer, pH 6.0 (AS-2; specific 
activity 16.9; 2.5 mg. of protein per ml.). 

To 4 ml. of fraction AS-2 were added 8 ml. of cold water and 
1 ml. of aged alumina Cy gel (26) (containing 15 mg. dry weight 
per ml.). The gel was centrifuged and washed once with 10 
ml. of water, once with 10 ml. of 0.05 m potassium phosphate 
buffer, pH 6.5, and then with two 5 ml. portions of 0.1 m potas- 
sium phosphate buffer, pH 7.5. The major portion of the 
enzymatic activity appeared in the first pH 7.5 eluate (48 per 
cent) and an additional 10 per cent was present in the second 
pH 7.5 eluate (first Cy gel eluate; specific activity 32; 0.5 mg. 
of protein per ml.). 

Fraction AS-2 was also further purified by zone electrophoresis 
on a cellulose column (27). 2 ml. of AS-2 (specific activity 
17.5; 2.7 mg. of protein per ml.), which originally had been 
dissolved in 0.02 m Tris buffer, pH 8.0, containing 0.02 m KCl and 
then dialyzed for 3 hours at 3° against the same buffer, was 
layered on top of a cellulose column (50 X 1 cm.) and subjected 
to a potential of 420 v. for 15 hours at 3°. The enzyme was 
recovered by displacement elution from the column with 0.02 m 
Tris buffer, pH 8.0, containing 0.02 m KCl. 50 per cent of the 
enzyme activity was eluted in 4 fractions (Fractions 11 to 14). 
The specific activities of the Fractions 11 to 14 were 33.5, 42.5, 
32.6, and 20.0, respectively. 


RESULTS 


Upon examination of Equation 4, we may predict that an 
enzyme preparation catalyzing the 1-methionine-dependent 
exchange of PP® with ATP should convert t-methionyl adenyl- 
ate to ATP in the presence of PP at a rate not slower than the 
rate of the exchange. Fig. 1 shows the rate of ATP synthesis 
from the chemically prepared t-methionyl adenylate. Calcula- 
tion of the initial rate gives a figure of 15.9 umoles of ATP 


Conversion of Amino Acyl Adenylates to ATP 


Vol. 233, No. 3 


formed per 15 minutes per mg. of protein. The rate for the 
exchange reaction under the identical conditions was 4.6 umoles 
of PP® incorporated into ATP per 15 minutes per mg. of pro- 
tein. The conversion of t-methionyl adenylate to ATP did 
not go to completion but stopped when approximately 40 to 
50 per cent of it appeared as ATP. This limited conversion 
was due to the destruction of the methionyl adenylate during 
the period of the reaction as indicated by the following ex- 
periment. An incubation of 0.91 umole of methionyl adenylate 
and excess PP for 10 minutes resulted in the formation of 0.39 
umole of ATP, but a second 10 minute incubation with a fresh 
addition of enzyme or of PP resulted in no further increase in 
ATP (0.39 umole of ATP). However, a second addition of the 
amino acyl adenylate after the first incubation, followed by a 
second 10 minute incubation period, yielded a total of 0.79 
umole of ATP as expected. Further discussion of the lability 
of methionyl adenylate is presented later. 

The requirements for the conversion of methionyl adenylate 
to ATP are shown in Table I. In the absence of enzyme, PP, 
Mg?*+, or methionyl adenylate, there was no ATP formed. Fur- 
thermore, if the methionyl adenylate was treated with 0.01 n 
KOH for 5 minutes at 25° to form free A5P and t-methionine, 
there was no ATP formation. 

Stoichiometry of the Reaction—Attempts to study the stoichiom- 
etry of the reaction and obtain a balance of the various com- 
ponents were complicated by the marked instability of the 
substrate under the conditions used. Measurements of the 
t-methionyl adenylate disappearance were therefore made in 
the presence and absence of PP to determine the amount of 
methionyl adenylate utilized for ATP formation. The results, 
shown in Table II, indicate that the increment in methionyl 
adenylate disappearance resulting from the presence of PP is in 
agreement with the amount of ATP synthesized and with the 
amount of PP® incorporated into ATP. 

It is not yet clear whether the methiony] adenylate breakdown 
in the absence of PP is enzymatically catalyzed. We have 
found that the half-life of methionyl adenylate under the condi- 
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Fig. 1. Kinetics of conversion of t-methionyl adenylate to 
ATP: The reaction mixture contained, in 1 ml., 160 uwmoles of 
potassium succinate buffer, pH 5.6, 5 umoles MgCle, 2 umoles 
PP*® containing 4.6 X 10‘ c.p.m. per umole, 1.05 umoles L-meth- 
ionyl adenylate, 85 ug. of enzyme AS-1, specific activity 7.8. 
Temperature, 37°. 
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TaBLe I 
Requirements for t-methionyl adenylate conversion to ATP 








Components ATP formed* 

umoles 
Complete 0.40 
Minus PP 0.00 
Minus t-methionyl adenylate 0.00 
Minus MgCl; 0.04 
Minus enzyme 0.00 
Complete, but with hydrolyzed t-methionyl ade- 0.00 

nylate 








* ATP was determined in a 0.1 ml. aliquot of the heated reaction 
mixture with the coupled hexokinase, glucose-6-phosphate dehy- 
drogenase assay (25). 

The reaction mixture contained, in 1 ml., 150 wymoles potassium 
succinate buffer, pH 5.5, 5 umoles of MgCle, 3 umoles of PP, 1.6 
pmoles of methionyl adenylate, 165 ug. of AS-1, specific activity 
5.0. Temperature 37°, time 15 minutes. The t-methionyl adeny- 
late was hydrolyzed in 0.01 n KOH at 25° for 5 minutes and then 
the solution was neutralized with HCl. 


TABLE II 
The disappearance of t-methionyl adenylate and formation of ATP 








Time ‘adenylates,. | ATP formeat | PP*; eorpersted 
minutes umole umole pmole 
5 —0.12 | 0.14 0.13 
10 —0.23 0.22 0.21 
15 —0.26 0.25 0.24 











* t-Methionyl adenylate was determined as the hydroxamate 
with acid FeCl; (23). The values for t-methionyl adenylate dis- 
appearance in the presence of PP were 0.60, 0.86, and 0.96 umole, 
while in the absence of PP the values were 0.48, 0.63, and 0.70 
umole. 

+ ATP was measured in a heated aliquot of the reaction mix- 
ture with hexokinase and glucose-6-phosphate dehydrogenase 
(25). 

¢t PP** incorporation was determined as described in ‘‘Meth- 
ods.”’ 

The reaction mixture contained, in 0.5 ml., 75 umoles of potas- 
sium succinate buffer, pH 5.6, 2.5 umoles of MgCle, 2 umoles of 
PP or PP* containing 5.4 X 10‘ c.p.m. per umole, 1.15 ymoles of 
L-methionyl adenylate and 28 yg. of AS-1, specific activity, 7.3. 
Temperature, 37°. 


tions shown in Table II (absence of PP) is 7.5 minutes, whereas 
with a heat-inactivated sample of the enzyme it was about 14 
minutes. This is to be contrasted with a value of greater than 
25 minutes observed in the absence of the enzyme preparation. 
This 2-fold increase in the rate of breakdown of amino acyl 
adenylate may be due to enzymatic activity or to some other 
heat-labile component present in the enzyme preparation. 
Further studies are needed to clarify this point. 

In order to equate the conversion of methionyl adenylate to 
ATP with the methionine-dependent ATP-PP® exchange re- 
action, it seemed pertinent to determine if both reactions are 
catalyzed by the same enzyme. A number of fractions at 
various stages of purification have been examined for both 
activities and within the limits of the accuracy of the measure- 
ments made, the ratios of the two activities were essentially 
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constant (Table III). It should be pointed out that these 
ratios compare the two reactions under somewhat different 
conditions. The exchange reaction is carried out at pH 8.0 
whereas the amino acyl adenylate conversion to ATP is per- 
formed at pH 5.6. The exchange reaction activity at 5.6 is 
about 60 per cent that of pH 8.0 and therefore the ratio is actually 
between 0.25 and 0.33. No preparation has been found which 
catalyzes one reaction and not the other. As another line of 
evidence, experiments which will be discussed later showed 
that free t-methionine competitively inhibits the conversion 
of t-methionyl adenylate to ATP and that the K, value for 
methionine is in close agreement with the observed K, value for 
methionine in the ATP-PP® exchange assay. These findings 
suggest that t-methionine acts at the same site and presumably 
with the same enzyme when functioning as a substrate or as an 
inhibitor. 

Specificity—It was previously reported (15) that the L- 
methionine-activating enzyme was relatively specific for L- 
methionine since other naturally occurring amino acids did not 
promote a significant ATP-PP* exchange reaction. It was there- 
fore of interest to examine the specificity with respect to the 
reverse reaction, namely, the conversion of other amino acyl 
adenylates to ATP (Table IV). Although ATP formation from 
t-methionyl adenylate is most rapid, there is significant ATP 
formation from 1-seryl adenylate, L-phenylalanyl adenylate, and 
even pD-methionyl adenylate, but little or no utilization of 
L-tryptophanyl adenylate. ATP formation was confirmed by 
the spectrophometric assay and was not observed when the 
amino acyl adenylates had been hydrolyzed with dilute alkali. 
Under the identical conditions however, there was very little or 
no significant exchange of PP® with ATP in the presence of 
L-serine, t-phenylalanine, L-tryptophan, or p-methionine (Table 
V). These measurements of the exchange reaction, now made 
at pH 5.6, are in agreement with the previous findings carried 
out at pH 8.0. 

The finding of ATP formation from p-methionyl adenylate 
posed the question of whether there was contamination of the 
material with the t-methionine derivative. The t-methionine 


TaBLe III 
Comparison of the rate of the ATP-PP* exchange reaction with the 
rate of conversion of t-methionyl adenylate to ATP 
in various enzyme preparations 








Specific activity, Specific activity, 
men Array | aenvlate, | Rati 
tion — to A:B 
A 
units/mg. of units/mg. of 
protein protein 
Alcohol (A-2) 2.4 5.1 0.47 
Ammonium sulfate (AS-1) 7.3 16.0 0.46 
Ammonium sulfate (AS-2) 13.1 25.8 0.51 
Alumina Cy gel eluate 32.0 65.1 0.49 
Cellulose column electropho- 
resis of AS-2, Fraction: 
10 10.4 20.8 0.50 
ll 33.5 60.5 0.55 
12 42.5 86.7 0.49 
13 32.6 65.0 0.50 
14 20.0 40.7 0.49 
15 9.7 20.6 0.47 
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TaBLe IV 


The conversion of amino acyl adenylates to ATP by 
the methionine-activating enzyme 











Amino acy] adenylate ATP formation 
umoles/15 min./mg. of protein 
None 0.05 
t-Methiony] adenylate 42.0 
L-Seryl adenylate 10.0 
L-Phenylalanyl adenylate 5.0 
L-Tryptophany! adenylate 0.10 
p-Methionyl adenylate 6.0 





The reaction mixture contained, in 1 ml., 150 umoles of potas- 
sium succinate buffer, pH 5.6, 5 umoles of MgCle, 2 umoles of PP* 
containing 10° c.p.m. per umole, 1.1 wmoles of t-methiony] ade- 
nylate, 1.2 wmoles of L-seryl adenylate, 1.2 wmoles of t-phenyl- 
alanyl adenylate, 1.2 wmoles of L-tryptophanyl adenylate, and 
1.1 wmoles of p-methionyl adenylate. In all cases, except with 
L-tryptophanyl adenylate, enough enzyme was used so that 0.25 
to 0.50 umole of ATP was formed during the incubation period. 


TABLE V 


The exchange of PP** and ATP with t-methionine, L-serine, 
L-phenylalanine, L-tryptophan, and p-methionine 








Amino acid PP? incorporated into ATP 
units/mg. of protein 

None <0.10 
Lt-Methionine 10.4 

L-Serine <0.10 
L-Phenylalanine <0.10 
L-Tryptophan <0.10 
p-Methionine <0.10 








The reaction mixture was the same as described in Table IV 
except that 2 umoles of ATP and 2 umoles of each of the amino 
acids replaced the amino acid adenylates. 


could have been present as an original contaminant in the p- 
methionine; it could have also been formed during the synthesis 
of the adenylate or during the incubation with the enzyme. All 
of these possibilities were eliminated by the following experi- 
ments. Polarimetric examination of the starting p-methionine 
showed an [a], in 5 n HCl of +23.9° compared to the value 
+23.4° given in the literature (28). Moreover, the sample of 
p-methionine did not catalyze the exchange of ATP and PP® at 
a level which would have detected a 1 per cent contamination 
with t-methionine. Hydrolysis of p-methionyl adenylate with 
0.01 n KOH and testing of the hydrolysate for its ability to 
replace t-methionine in the exchange reaction was likewise 
negative. For example, in one experiment, 1 umole of L- 
methionine and a hydrolysate of t-methionyl adenylate con- 
taining 1 umole of t-methionine gave an incorporation of 0.2 
and 0.19 umole of PP*®, respectively, into ATP. On the other 
hand, 1 umole of p-methionine, free or in the form of the p- 
methionyl adenylate hydrolysate, gave less than 1 per cent of 
this value. Furthermore, preincubation of the p-methionyl 
adenylate with the enzyme and then followed by hydrolysis and 
testing in the exchange reaction likewise gave no evidence for 
the presence of t-methionine. 

This apparently anomalous finding posed the question whether 
additional mechanisms exist for utilizing the amino acid adenyl- 
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ates other than that shown in Equation 4. We investigated 
this question first by determining if the conversion of t-methionyl 
adenylate and other amino acid adenylates to ATP was catalyzed 
by the same enzyme. Various enzyme preparations were 
compared for their ability to convert t-methionyl and L-seryl 
adenylates to ATP (Table VI). The results showed that the 
ratios of the two activities were essentially constant over an 
approximately 17-fold range of enzyme purification. Moreover, 
attempts to effect a preferential heat inactivation of one activity 
with respect to the other demonstrated that the kinetics of 
inactivation were essentially first order with both substrates 
and that the ratio of the two activities remained the same 
throughout (Table VII). The same result was obtained under 
somewhat varied conditions for the heat inactivation (Experi- 
ment 2). 

Additional evidence which supports the idea that a single 
enzyme catalyzes the conversion of both t-methionyl and 
L-seryl adenylates to ATP was obtained by kinetic experiments. 
L-Methionine competitively inhibits the conversion of both 
L-methionyl and t-seryl adenylates to ATP (Table VIII). 
L-Serine (2 to 48 X 10-* m), on the other hand, does not inhibit 
ATP formation from either of these substrates. Dixon (29) 
has described a graphic method for determining the K; and 
K, values which involves a plot of 1/V against the inhibitor 
concentration (J) at two different substrate concentrations 
(Fig. 2A and B). The point at which the two lines intercept 
one another is equal to —K, and the intercept of each curve 
with the abscissa is equal to —K,(S/K + 1). From these 
data, the K,; values for t-methionine acting as an inhibitor of 
ATP formation from t-methiony] and t-seryl adenylates were 3 


TaBLe VI 


The activity of various enzyme preparations in the conversion of 
L-methionyl and t-seryl adenylates to ATP 

















Specific activity 

Preparation t-Methionyl L-Seryl Ratio, 
adenylate adenylate A:B 

conversion conversion 

to ATP to ATP 
A B 
units/mg. of units/mg. of 
protein protein 
A-2 5.1 1.2 4.3 
AS-1 16.0 4.0 4.0 
AS-2 25.8 6.1 4.2 
AS-2a 33.4 8.1 4.1 
AS-2b 27.2 6.6 4.1 
AS-2¢ 25.9 6.5 4.0 
AS-2d 19.8 4.8 4.1 
Alumina Cy gel eluate 65.1 15.9 4.1 
Cellulose column electropho- 
resis of AS-2, Fraction: 

10 20.8 4.1 5.1 
ll 60.5 12.6 4.8 
12 86.7 19.9 4.4 
13 65.0 15.4 4.2 
14 40.7 8.4 4.9 
15 20.6 4.0 5.1 








AS-2a to 2d refers to ammonium sulfate fractions derived from 
AS-2 and which were prepared as follows: 0 to 0.44 saturation 
(AS-2a), 0.44 to 0.48 saturation (AS-2b), 0.48 to 0.51 saturation 
(AS8-2c), 0.51 to 0.62 saturation (AS-2d). 
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and 3.5 X 10-*M, respectively. The K, for t-methionine in the 154 
exchange reaction measured under the same conditions (pH 5.6) 
was 2.6 X 10-*m. The agreement between the apparent dis- 
sociation constants of free methionine acting both as a sub- 124 
strate and inhibitor suggests that it is acting at the same site in 
both reactions. The K, for t-methionine at pH 5.6 was as > 9: 
TaBLe VII 
Heat inactivation of enzyme preparation catalyzing conversion of 6 
L-methionyl and xt-seryl adenylates to ATP A 
ewer | rine at ae" Methot dennte | Sart edeniate | natin, . 
A B , 
min. units/ml units/ml. 3 , 2 ae | > 3 4 5 6 
I 0 7.6 1.8 4.2 
1 6.4 1.6 4.0 (T], ~ Moles per mi. 
2 3.6 0.88 4.1 
3 2.3 0.52 4.4 
5 1.2 0.28 4.3 210- 
7 0.68 0.16 4.3 
Il 0 97 4.2 180 
2.5 92 18 5.1 
5 80 18 4.4 
7.5 68 16 4.2 1504 
In Experiment I the enzyme (AS-2, 280 yg. per ml.) was kept in >120- 
a water bath at 45° and aliquots were removed at various times, = 
cooled and the activity with both Lt-methionyl and L-seryl ade- e 
nylates determined. In Experiment II, the enzyme (AS-2, 3.1 90- 
mg. per ml.) containing 1.8 ymoles of ATP and 2 wmoles of MgCl. 
per ml. was treated as above. The cooled aliquots were diluted 
50- to 200-fold in the final reaction mixture so that the amount of 60- 
ATP present was negligible. 
30 B 
TaBLe VIII 
The effect of t-methionine on the conversion of t-methionyl 
and 1-seryl adenylates to ATP 2 WALI | 2 3 4 5 
Concentration of amino acyl adenylate Se adenylate con Inhibition (T],z Moles per mi. 
Fic. 2. Analysis of the inhibition of ATP formation from t- 
x 10° 108 a units/mg. of o% methionyl and t-seryl adenylates by u-methionine: Curve A, 
_— inhibition of L-methionyl adenylate conversion to ATP; Curve B, 
L-Methionyl adenylate: inhibition of L-seryl adenylate conversion to ATP. 1/V is the 
1.1 | 0.0 31.5 reciprocal of the rate of ATP formation in wmoles per minute per 
1.1 2.4 24.0 24 mg. of protein. The reactions were carried out as described in 
1.1 5.4 19.5 38 ‘‘Methods.”’ 
1.1 10 13.6 57 
1.1 20 8.3 74 
0.55 10 9.2 71 mentioned above 2.6 x 10-* m but calculation of previous data 
2.2 11 18.0 43 obtained at pH 8.0 gave a value of 1.0 x 10-'m or about 25 times 
2.2 21 11.8 62 lower. The factors contributing to this higher affinity at pH 
8.0 are not known and require further work. The K, for t-me- 
L-Seryl adenylate: :. thionyl adenylate determined graphically (29) was 3.7 + 0.8 
1.2 1.4 x 10-' m and the K, for t-seryl adenylate was 1.2 + 02 x 
— 7 a4 re 10-*m. Thusthere seems to be about a 30-fold difference in the 
1.2 1.2 2.5 66 . . ‘ 
24 0.6 44 40 apparent affinity of the two amino acid adenylates at pH 5.6. 
24 1.2 3.5 53 During the course of these studies Dr. W. P. Jencks suggested? 
48 0.6 5.3 28 that amino acids other than t-methionine might be active in the 
48 1.2 4.3 42 ATP-PP® reaction if tested at high concentrations. When this 














The assay conditions are described in ‘‘Methods.’’ The en- 
zyme used was AS-2 with a specific activity of 16. 


yYirm 


was carried out it was found that L-serine, p-methionine, and 


? Private communication. 








606 Conversion of Amino Acyl Adenylates to ATP 


t-threonine, had low but significant activity in promoting the 
exchange, while t-tryptophan (0.03 m) and L-isoleucine (0.14 m) 
had no detectable activity. Fig. 3 shows that at 0.13 m, L-serine 
does promote a slow incorporation of PP® into ATP. Higher 
concentrations of L-serine were inhibitory. p-Methionine (0.03 
M) and 1-threonine (0.25 m) were one-fifth and two-thirds as ac- 
tive as L-serine while higher concentrations were also inhibitory. 
Since essentially all the studies of the amino acid-activating en- 
zymes (15-17) have revealed a very high affinity of the enzyme 
for the amino acid in question, its seems unlikely that this slow 
rate of exchange found at high concentrations of amino acid is 
due to the presence of small amounts of enzymes specific for 
these amino acids. Rather, it seems more likely that the enzyme 
which is “specific” for t-methionine has a relatively low affinity 
and activity with certain other amino acids. These findings 
point to the likelihood that although the enzyme is relatively 
specific for a single amino acid and its adenylate, it also utilizes 
other amino acids and their adeny] derivatives with a lower effi- 
ciency. 

Similar findings have been reported with a fatty acid-activat- 
ing enzyme by Jencks and Lipmann (6). They showed that 
with the enzyme specific for fatty acids of intermediate chain 
length (4 to 12 carbon atoms), and under their usual assay condi- 
tions, acetate (5 x 10-* m) was not converted to acetyl CoA. 
However, acetyl adenylate was utilized for acyl CoA synthesis at 
about half the rate of hexanoyl adenylate. Further studies re- 
vealed that with higher concentrations of acetate, acetyl CoA 


50r 


40F 
L- Methionine 


p» Moles of PP®* in ATP per mg. of Protein 














L- Serine 
% ; % x— None 
30 60 90 120 150 -~ 180 
Minutes 


Fig. 3. The exchange of PP** and ATP in the presence of high 
concentrations of L-serine: The reaction mixture (1 ml.) contained 
100 umoles of Tris buffer, pH 8.0, 5 umoles of MgCle, 2 umoles of 
ATP, 2 umoles of PP* containing 6 X 10‘ c.p.m. per umole, 1 
umole of t-methionine or 125 wmoles of L-serine. Temperature, 
37°. 
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synthesis was demonstrable; this being maximal at an acetate 
concentration of 0.4 mM. 


DISCUSSION 


The conversion of t-methionyl adenylate to ATP by the puri- 
fied methionine-activating enzyme supports the mechanism pro- 
posed for the t-methionine dependent exchange of ATP and 
PP® shown in Equation 4. The surprising finding in these ex- 
periments was that, although the enzyme is relatively specific for 
L-methionine in the exchange reaction, other amino acid adenyl- 
ates are also converted to ATP. Purification of the enzyme and 
kinetic studies have indicated however, that at least in the case 
of the utilization of t-methiony] and L-seryl adenylates, the same 
enzyme is responsible for both reactions. Further studies re- 
vealed that the specificity for methionine was relative since at 
very high concentrations of L-serine, L-threonine, and p-methi- 
onine there was a detectable ATP-PP* exchange. Similar find- 
ings to those described here have also been reported for experi- 
ments with crude extracts of Escherichia coli by DeMoss et al. 
(21). These workers observed that L-alanyl adenylate was con- 
verted to ATP while L-alanine was inactive in promoting the 
exchange of PP® and ATP. We have made similar findings in 
E. coli extracts with L-seryl and L-threony] adenylates.? Exactly 
which enzyme (or enzymes) is responsible for the utilization of 
these compounds remains to be determined. 

The failure to detect the accumulation of t-methiony! adenyl- 
ate from ATP and 1-methionine remains a puzzling feature of 
this reaction. Because of the rapid destruction of methionyl 
adenylate at pH 8 it does not seem likely that the enzymatically 
formed compound exists to any significant extent in the free state. 
If this were so, one might expect to observe a significant increase 
in the breakdown of ATP to A5P and PP in the presence of 
L-methionine. This, however, was not observed in our earlier 
studies (15). The question of whether the enzymatically formed 
amino acid adenylates are bound to the enzyme and thereby 
stabilized remains to be resolved. 

The mechanism of methionyl adenylate formation resembles 
the first step in the formation of the fatty acid-CoA derivatives 
(2-6). More recent studies (30) indicate that the similarity ex- 
tends to the second step as well since the methionine-activating 
enzyme has been shown to transfer the amino acid moiety to a 
polyribonucleotide. Thus the amino acid-activating enzymes 
like the fatty acid-activating enzymes appear to catalyze both 
the transfer of an adenyl group from ATP to an acyl group and 
the transfer of the acyl group to an appropriate acceptor. 


SUMMARY 


A purified L-methionine-activating enzyme from yeast has been 
shown to convert Lt-methionyl adenylate to adenosine triphos- 
phate (ATP) in the presence of inorganic pyrophosphate (PP). 
The rate of this conversion is consistent with its role as an inter- 
mediate in the t-methionine dependent exchange of PP® and 
ATP. 


ATP + .t-methionine — t-methionyl adenylate + PP 


The same preparation also catalyzes a significant conversion of 
L-seryl, L-phenylalanyl, and p-methiony] adenylates to ATP even 
though it does not utilize the free amino acids in the exchange re- 


3 Unpublished observations of the author. 
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action. Purification studies have indicated that the enzyme 
which utilizes L-seryl adenylate is the same one which converts 
1-methionyl adenylate to ATP. This was further supported by 
the finding that the K, for t-methionine in the exchange reaction 
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(2.6 * 10-4 m) is the same as the K, value for t-methionine 
acting as an inhibitor of L-methiony] adenylate conversion to 
ATP (3 xX 10-* Mm) and for L-seryl adenylate conversion to ATP 
(3.5 X 10-*). 


REFERENCES 


1. Bere, P., J. Am. Chem. Soc., 77, 3163 (1955). 
2. Bere, P., J. Biol. Chem., 222, 991 (1956). 
3. TALBERT, P. T., AnD HUENNEKINS, F. M., J. Am. Chem. Soc., 
78, 4671 (1956). 
4. PenG, C. H. L., Biochim. et Biophys. Acta, 22, 42 (1956). 
5. Moyen, H.S8., anp Lipmann, F., J. Bacteriol., 78, 117, (1957). 
6. Jencks, W. P., anp Lipmann, F., J. Biol. Chem., 225, 207 
(1957). 
. Rospsins, P. W., anp Lipmann, F., J. Am. Chem. Soc., 78, 
6409 (1956); J. Biol. Chem., 229, 837 (1957). 
8. BanpuRsKI, R.S., Witson, L. G., anv Squires, C. L., J. Am. 
Chem. Soc., 78, 6408 (1956). 
9. BacHHAWAT, B. K., Worssner, J. F., Jk., anp Coon, M. J., 
Federation Proc., 15, 214 (1956). 
10. Maas, W., 3rd International Congress of Biochemistry, Brussels, 
Reports, 1955. 
11. Reep, L. J., Leacnu, F. R., Korxe, M., anp Levitcu, M. E., 
Federation Proc., 16, 236 (1957). 
12. HoaGuanp, M. B., Biochim. et Biophys. Acta, 16, 288 (1955). 
13. HoaGLAND, M. B., Keuier, E. B., anp ZAMECcNIK, P. C., 
J. Biol. Chem., 218, 345 (1956). 
14. DeMoss, J. A., AND Nove, G. D., Biochim. et Biophys. 
Acta, 22, 49 (1956). 
. Bere, P., J. Biol. Chem., 222, 1025 (1956). 


~I 


or 


li 


& 


. Davig, E. 


. Bera, P., aNnp OFENGAND, E 


W., KONINGSBERGER, V. V., AND LIPMANN, F., 
Arch Biochem. Biophys., 65, 21 (1956). 


. ScHwEeEt, R., Federation Proc., 16, 244 (1957). 
. Wesster, G. C., J. Biol. Chem., 229, 535 (1957). 
. HoaGuanp, M.B., Zamecnik, P. C., SHaron, N., LipMANN, F., 


Sru.BerG, M. P., anp Boyer, P. D., Biochim. et Biophys. 
Acta, 26, 215 (1957). 


. BeERNLOHR, R., AND WesstER, G. C., Arch. Biochem. Biophys., 


73, 276 (1958). 


. DeMoss, J. A., Genutu, 8S. M., anp Noveuui, G. D., Proc. 


Natl. Acad. Sci., 42, 325 (1956). 


. Berea, P., Federation Proc., 16, 152 (1957). 
. Bera, P., J. Biol. Chem., 283, 608 (1958). 
. Crane, R. K., anp Lipmann, F., J. Biol. Chem., 201, 235 


(1953). 


. Kornsera, A., J. Biol. Chem., 182, 779 (1950). 
. WILLSTATTER, R. ano Kraut, A., Ber. deut. chem. Ges., 56, 


1117 (1923). 


. Poratu, J., Biochim. et Biophys. Acta, 22, 151 (1956). 
. Hows, E. E., In D. M. Greenberg (Editor), Amino acids and 


proteins, Charles C Thomas, Springfield, Ill., 1951. 


. Dixon, M., Biochem. J., 55, 170 (1953). 


). J., Proc. Natl. Acad. Sci., 44, 
78 (1958). 





The Chemical Synthesis of Amino Acyl Adenylates* 


Pau. Bere 


Department of Microbiology, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, March 3, 1958) 


The present paper deals with a description of the method of 
preparation and partial purification of several amino acid adenyl- 
ates. Two procedures for the synthesis of these compounds have 
previously been described, but these have certain disadvantages 
for general application. The first of these methods (1) which 
leads to the synthesis of the leucyl, alanyl, and phenylalany] 
adenylates in yields of about 10 per cent, involved the reaction 
of the amino acid acy! chloride with the silver salt of adenosine 
5/-phosphate (A5P).!_ In another method, Wieland et al. (2) used 
pL-valine thiophenol hydrochloride as the activated amino acid 
and they were able to effect a transfer of the valine moiety to 
A5P in yields of 10 to 20 per cent. 

Recently the usefulness of N , N’-dicyclohexylearbodiimide for 
the synthesis of nucleoside pyrophosphate derivatives was ele- 
gantly demonstrated by Khorana et al. (3-5). Earlier, Zetzche 
and Fredrich (6) had used the carbodiimides for the synthesis of 
carboxylic acid anhydrides. It seemed, therefore, that the car- 
bodiimides might offer a useful reagent for coupling the amino 
acids to A5P by an acyl phosphate linkage. Soon after our 
studies were under way (7) Talbert and Huennekens (8) reported 
the synthesis of butyryl adenylate with DCC. The method to 
be described here involves the use of DCC to effect a condensa- 
tion of the carboxyl group of a free amino acid with the phosphate 
of adenylic acid in aqueous pyridine. Using this procedure the 
adenylate derivatives of p- and L-methionine, L-phenylalanine, 
L-tryptophan, and L-serine have been prepared and purified. 


MATERIALS AND METHODS 


Crystalline A5P (free acid) was obtained from the Sigma 
Chemical Co. and the L-amino acids were products of the Cali- 
fornia Foundation for Biochemical Research or of Nutritional 
Biochemical Corp. 

A5P deaminase was prepared by the procedure for Preparation 
A of Kalckar (9) and dialyzed against 0.05 m potassium succinate 
buffer, pH 6.0, to remove ammonium sulfate. 

Hydroxylamine was freshly prepared by neutralizing a stock 
solution of 4 m hydroxylamine hydrochloride with 3.5 n NaOH 
to a pH of 6.5. 

The concentration of the amino acid adenylates was measured 
spectrophotometrically by conversion to the amino acid hydrox- 
amates. To 0.5 ml. of neutralized hydroxylamine (2 mM) were 
added the amino acyl adenylate and water to a total volume of 
1 ml. After three minutes 1 ml. of a solution of acidic ferric 
chloride (10) was added and the mixture was shaken rapidly to 


* This work was supported by a research grant from the U. 8S. 
Public Health Service. 

'The abbreviations used are: A5P, adenosine 5’-phosphate; 
ATP, adenosine triphosphate; DCC, dicyelohexylearbodiimide. 


remove gas bubbles, filtered, and the optical density at 540 mu 
was measured against a blank containing no amino acid adeny!- 
ate. The concentration was calculated with extinction coeffi- 
cients obtained with synthetic amino acid hydroxamates. 

Total A5P was determined with A5P deaminase (9) after pre- 
liminary hydrolysis of an aliquot of the amino acid adenylate at 
pH 10 for 5 minutes at room temperature. Free A5P (in the 
presence of amino acyl adenylate) was determined with a large 
amount of A5P deaminase to complete the reaction in 1 to 2 
minutes, and thus minimize the slow liberation of A5P due to 
destruction of the amino acid adenylate. 

Ribose was determined by the Mejbaum method (11) with 
A5P as the standard. Methionine was determined by a modifi- 
cation of the method of McCarthy and Sullivan (12), and phos- 
phate was measured by the method of Fiske and SubbaRow (13). 

RESULTS 

DCC in aqueous pyridine brings about the formation of the 
substituted acyl phosphate derivative from an amino acid and 
A5P. With methionine, for example, the reaction proceeded to 
completion (Table I). The final value attained depended upon 
the amount of methionine or A5P employed and remained con- 
stant for at least 90 minutes. Whether this is due to the stability 
of the methionyl adenylate under these conditions or to the at- 
tainment of a steady state in which the rate of breakdown was 
equal to the rate of synthesis is not known. A detailed descrip- 
tion of the preparation and isolation of t-methionyl adenylate 
follows. 

Synthesis of L-methionyl Adenylate—t-Methionine (2.0 mmoles) 
and A5P (1.92 mmoles) were mixed with 3.2 ml. of cold water 
and 10.4 ml. of pyridine in a 250 ml. glass-stoppered flask. 8 N 
HCl (0.25 ml.) was added and the mixture was stirred in an ice 
bath with the aid of a magnetic stirrer. DCC (50 mmoles), 
dissolved in 12 ml. of pyridine, was added and the mixture was 
stirred vigorously. The formation of t-methionyl adenylate was 
determined on aliquots removed at various time intervals (see 
“Methods”). After 3 to 3.5 hours there was no further increase 
in methionyl adenylate formation. The value attained was usu- 
ally between 90 and 95 per cent of the theoretical maximum based 
on the amount of A5P used. 

The reaction was terminated and the crude methiony] adenyl- 
ate was precipiated by the addition of about 150 ml. of acetone 
chilled to —15°. After 45 seconds the precipitate was filtered 
rapidly with the aid of suction, washed with small portions of a 
mixture of acetone-alcohol (60:40) at 0°, then with ether (0°), 
and sucked almost dry on the filter. The material was then 
dried further at 3° overnight in vacuo over PO; and paraffin. 
The precipitation, washing, and air drying were completed in ap- 
proximately 8 minutes. The material obtained at this stage 
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weighed 1.77 gm. and contained N ,N’-dicyclohexylurea, L-me- 
thionine, A5P, a trace of pyridine hydrochloride, and methionyl 
adenylate in about 40 to 50 per cent yield based on the A5P 
consumed. Even with the precautions of working at low tem- 
peratures and rapid filtration, there seems to have been appreci- 
able breakdown of the amino acid adenylate. 

The crude material was evenly suspended in cold water at a 
concentration of 100 mg. per ml. and filtered to remove the in- 
soluble dicyclohexyl urea. The residue was washed with 5 ml. 
of cold water and the wash and original filtrate were combined. 
The pH was adjusted to 3 to 4 with HCl and 85 ml. of cold 
ethanol (—15°) were added. After 1 hour at —15°, the pre- 
cipitate was filtered, washed with cold ethanol, and dried in 
vacuo at 3°. The yield was 670 mg. and this contained 0.6 mmole 
of methionyl adenylate with a purity of 46 per cent based on the 
optical density at 260 mu. At this stage the methiony] adenylate 
was stable for periods of at least 2 months when kept dry and 
cold. 

The removal of A5P and further purification of the methiony] 
adenylate was carried out as follows. About 100 to 200 mg. were 
dissolved in 2 to 4 ml. of cold water and the pH was adjusted to 
4 to 4.5 with solid potassium bicarbonate. The solution was 
passed through a Dowex 1 column (Cl form, 10 per cent cross- 
linked, 1 * 4 em.) and the column was then washed with 1 to 
2 ml. of water. The wash and original liquid which had passed 
through the column were combined, adjusted to pH 4.5, and 
used as such. Under the above conditions, free A5P was quanti- 
tatively adsorbed to the column, whereas 60 to 80 per cent of the 
methionyl adenylate appeared in the effluent (1). The methiony] 
adenylate concentration decreased about 5 per cent per day when 
the material was kept frozen. 

Properties and Analysis of Methionyl Adenylate—Spectropho- 


TABLE I 
Synthesis of t-methionyl adenylate with DCC 


ASP L-Methionine a 

pow mmoles ie e pon 

1.0 5.0 1.01 

0.0 5.0 0.0 

1.0 1.0 0.92 

0.31 0.75 0.30 

0.31 0.40 0.29 

0.31 0.14 0.14 


* Measured as methionine hydroxamate as described in ‘‘Meth- 
ods.”’ 


TABLE II 


Analysis of t-methionyl adenylate 


ASP Methionine 
Adenine* Ribose Total P ——_————— ———— 
Free Bound Boundt Total 
1.00 0.98 0.97 0.03 0.99 0.97 1.10 


* The values are expressed as ratios based on adenine which 
was determined by the optical density at 260 my at pH 2 using 
an extinction coefficient of 15.1 K 10° em™'m™ (14). 

+ Determined as methionine hydroxamate as described in 
““Methods.”’ 
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tometric examination of this solution revealed an ultraviolet ab- 
sorption spectrum which was essentially indistinguishable from 
that of free A5P. The ratios of the absorption at 280 to 260 
my and 250 to 260 my at pH 2 were 0.22 and 0.84, respectively, 


Fic. 1. Paper electrophoretic separation of methionyl adenylate 
and A5P: The separation was carried out on Whatman 3MM 
paper using 0.02 m sodium citrate buffer, pH 3.1, and a voltage of 
14 volts per em. for 3 hours at 3°. A, crude L-methionyl adenylate 
exposed to 0.01 vn KOH for 5 minutes at 25°; B, crude L-methiony] 
adenylate treated with 2 m hydroxylamine; C, crude L-methionyl 
adenylate; D, A5P marker; and E, purified L-methiony] adenylate. 
The spots were visualized and the photographs taken with an 
ultraviolet lamp (2540 A). The small band sometimes found in 
crude methionyl adenylate preparations has not been identified 


er 


but may be diadenosine 5’-pyrophosphate (15). 
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TaBLe III 


Synthesis of amino acyl adenylates 


Spectral ratio 


Amino acyl . : - Spectral 
. Path Fraction Yield ow 
adenylate purity 280 my/ |250 mp/ 
260 my | 260 my 
L-Seryl ade- | Acetone precipitate 45 53 
nylate | Alcohol precipitate 32 46 
| Unadsorbed by Dowex | 25 94 | 0.22 | 0.85 
L-Phenyl- Acetone precipitate 52 56 
alanyl ade- Alcohol precipitate 30 45 
nylate | Unadsorbed by Dowex | 23 98 | 0.23 | 0.86 
| 
L-Trypto- Acetone precipitate 57 60 
phanyl | Aleohol precipitate 40 57 
adenylate | Unadsorbed by Dowex |) 28 97 | 0.39 | 0.86 
p-Methionyl | Acetone precipitate 
adenylate | Alcohol precipitate 
Unadsorbed by Dowex | 29 95 | 0.21 | 0.84 


The fractions are the same as those described for the synthesis 
of t-methionyl adenylate. 

* The purity is based on the ratio of the amount of amino acy] 
adenylate to total A5P. 
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for methiony] adenylate, compared to 0.22 and 0.84 for free A5P 
(14). 

Analyses for the various constituents of the purified methiony]l 
adenylate (Table II) show reasonably good agreement between 
the A5P, total methionine, and bound methionine. Occasionally, 
certain preparations were contaminated with more free methi- 
onine than shown in Table II. This, however, rarely exceeded a 
value of 20 per cent free methionine. 

Paper electrophoresis studies with methionyl adenylate showed 
it to be slightly cationic at pH 3.1 and easily separable from A5P 
which migrates as an anion under these conditions (Fig. 1). 
Exposure of methiony] adenylate to neutral hydroxylamine or 
0.01 n KOH for 5 minutes at room temperature resulted in the 
disappearance of the methiony] adenylate and formation of A5P. 

Synthesis of Other Amino Acyl Adenylates—The amino acyl 
adenylates of L-serine, L-phenylalanine, L-tryptophan, and p- 
methionine have been prepared with the use of the same pro- 
cedure already described for methionyl adenylate. The data for 
recoveries, purity, and similar properties are summarized in Ta- 


ble IIT. 


DISCUSSION 


The alkyl carbodiimides have proved to be extremely usefu 
reagents for the synthesis of a number of compounds of biological 
interest. In addition to the nucleotide pyrophosphate deriva- 
tives (3-5), the unsymmetrical nucleotide pyrophosphate coen- 
zymes, such as cytidine diphosphocholine (16), diphosphopyridine 
nucleotide (17), flavinadenine dinucleotide (18), and, through the 
nucleoside 5’-phosphoramidate, uridine diphosphoglucose (19), 
have been prepared with DCC. More recently this reagent has 
been utilized for the synthesis of a deoxydinucleoside monophos- 
phate (20) and dideoxynucleotides (21). 

In the present case DCC has been employed to link an amino 
acid to A5P. The studies with Lt-methionyl adenylate indicate 
that the linkage is an anhydride between the amino acid carboxyl 
group and the phosphate of A5P (Fig. 2). The evidence for this 
conclusion is based on the following properties. The purified 
compound contains A5P and methionine in a 1:1 ratio. The 
absorption spectrum is identical to that of free A5P, indicating 
that the amino acid is not linked to the adenine group. At pH 
3.1 the compound moves slowly as a cation on paper electro- 
phoresis and it is not retained by the strongly cationic adsorbent 
Dowex 1. The remaining uncertainty in the proof of structure 
is in the position of the amino acyl group. It could reside in an 
ester linkage on the 2’- or 3’-hydroxyl group of the ribose or as 
shown in Fig. 2 in an anhydride linkage with the 5’-phosphate 
group. De Moss et al. (1) have used as evidence for a linkage 
with the 5’-phosphate group the inability of adenylic deaminase 


Oo oO O 
| T 
CH;—S—(CH:)2—CH—C—O0—P—O—CH; Adenine 
NH;+ O- H H 
H H 
OH OH 


Fie. 2 


Synthesis of Amino Acyl Adenylates 





Vol. 233, No. 3 


to deaminate the amino acid adenylate derivative. However, it 
is not clear whether substitution in the 2’ or 3’ position on the 
ribose would likewise prevent the action of adenylic deaminase 

The rapid and quantitative formation of the amino acid hy- 
droxamate in the presence of hydroxylamine at pH 6.5 would 
appear to argue in favor of the anhydride linkage. It has been 
pointed out recently (22), however, that amino acid esters also 
react with neutral hydroxylamine to form the hydroxamate. It 
should be emphasized however that Raacke (22) has pointed out 
that at pH 7 and below the rate of amino acid hydroxamate 
formation is very slow and usually incomplete. With the amino 
acyl adenylates the reaction is complete within a few minutes, a be- 
havior which is more characteristic of the anhydride. Moreover 
the enzymatic formation of ATP from the amino acy] derivatives 
and inorganic pyrophosphate is more easily reconciled with the 
formulation shown in Fig. 2. Similar evidence for the structure 
of t-leucyl adenylate has been presented by De Moss eé al. (1). 

Although the detailed description for the preparation of only 
a few of the amino acid adenylates is presented here, preliminary 
experiments with leucine, valine, isoleucine, alanine, glycine, 
threonine, tyrosine, and arginine have demonstrated that these 
too are converted to the adenylate derivatives under conditions 
similar to those described above. With some of these amino 
acids the reaction proceeded more slowly and the final value 
reached was only 30 to 60 per cent of the theoretical maximum. 
Attempts to prepare the histidyl, glutamyl, and aspartyl deriva- 
tives of adenylic acid have been unsuccessful to date. The rea- 
sons for this are not clear but in the case of the dicarboxylic acids 
there is the possibility of internal cyclization to form 5 and 6 
membered cyclic anhydrides which might be unstable in aqueous 
pyridine. With regard to histidine, it has been shown (23) that 
imidazole catalyzes a rapid breakdown of the acyl adenylate de- 
rivatives and it is conceivable that the imidazole group of histi- 
dine might promote the breakdown of a carboxyl activated 
histidine in the aqueous pyridine system. It does seem possible 
however, that with further work including the use of suitable 
protected derivatives of the amino acids, all of the naturally oc- 
curring amino acids could be converted to the adenyl derivatives 
with DCC. 


SUMMARY 


The present paper describes the chemical synthesis of the 
methionyl, seryl, phenylalanyl, and tryptophanyl adenylates 
from the free amino acids and adenosine 5’-phosphate in the 
presence of dicyclohexylearbodiimide. These compounds have 
been obtained in relatively pure form in over-all yields ranging 
from 20 to 30 per cent by a combination of alcohol precipitation 
and treatment with Dowex 1 Cl- 10 per cent cross-linked resin. 
The properties and analyses of t-methionyl adenylate indicate 
that the amino acid is linked to the phosphate group of adeno- 
sine 5'-phosphate in an acyl phosphate linkage. iad 
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Among the many important problems in biochemistry are 
those concerned with the mechanism of protein synthesis and 
hormone action. An interrelated subject is the mechanism of 
adaptive enzyme formation in mammals. The tryptophan 
peroxidase-oxidase system as described by Knox et al. (1-5) 
could be employed to good advantage in all three of these 
areas. The enzyme system is an adaptive one, whose synthesis 
in vivo reaches a maximum about 6 hours after administration of 
an active substance. The rapidity of TPO' production gives 
hope that a system (in vitro) capable of protein synthesis can be 
established. In this work it has been found that the normal 
liver slice can, to some extent, be induced to form TPO in 
vitro. 

The enzyme system is, at least partially, under horomonal 
control. Cortisone in vivo (6, 7), hydrocortisone (6), and 
adrenocorticotropic hormone (ACTH) (8, 9) increase, while 
growth hormone (10) and hypophysectomy (8, 11) decrease the 
production of TPO. In this work it has been found that insulin 
can induce the formation of TPO in vivo and this effect is in- 
dependent of insulin shock or of the level of blood glucose. In 
addition, it has been found that the TPO level shows an 8- to 
10-fold increase in alloxan diabetic rats. 

The TPO system can be induced with a variety of substances 
other than the specific substrate, tryptophan. This coupled 
with the fact that the system is an adaptive one should permit 
manipulations leading to the mechanism of adaptation. It is 
conceivable that treatment for certain “inborn errors of me- 
tabolism”’ would consist of induction of the missing enzyme. 


EXPERIMENTAL 


Method of Assay—The albino rats used in this study were 
Wistar strain animals. At the start of each experiment they 
weighed between 200 and 300 gm. Both male and female rats 
were used and, as noted by Knox and Mehler (1), there were no 


* This investigation was supported in part by Research Grant, 
C-2375 from the National Cancer Institute, National Institutes of 
Health, United States Public Health Service. The valuable tech- 
nical assistance of Wayne Westmark is gratefully acknowledged. 
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Armour Laboratories, Kankakee, Illinois. This report is taken 
from a dissertation submitted by Joseph M. Schor in partial ful- 
fillment of the requirements for the degree of Doctor of Philosophy 
in the Department of Chemistry, Florida State University, 
Tallahassee, Florida. 

1The abbreviation used is: TPO, tryptophan peroxidase-oxi- 
dase. 


differences in their TPO response. Unless otherwise mentioned 
they were fed water and Purina Laboratory Chow ad libitum. 
The method was that of Knox and Mehler (1) with modifica- 
tions. The liver was removed immediately after death and 
homogenized in the cold in a volume of fresh Krebs-Henseleit 
bicarbonate buffer (12) sufficient to make a 5 per cent homog- 
enate. The buffer (which contains 0.2 per cent glucose) was 
also used as a solvent for various substances added to the in- 
cubation mixture. Additions were 1.0 ml. of homogenate, 1.0 
ml. of a solution of 9 wmoles per ml. of L-tryptophan (omitted 
from the blank run) and buffer to make a total volume of 3.0 
ml. The mixtures were incubated under 95 per cent O.-5 per 
cent CO: in a Dubnoff shaker for 3 hours at 37.5°, and the 
kynurenine formation was determined by the increased absorp- 
tion at 360 my after deproteinization with 5 per cent zinc acetate 
(2.5 ml.) and 0.18 n NaOH (3.5 ml.). For the activity measure- 
ments the readings were calculated back to the wmoles of kynu- 
renine formed per hour per gm. wet weight of liver tissue, using 
the value of 0.454 for the optical density of a 0.10 mm kynurenine 
solution. 1 activity unit of the enzyme is defined as the 
amount which produces 1 umole of kynurenine per hour per 
gm. of liver. The low TPO activity in liver taken from normal 
rats and the high TPO activity from rats in which the enzyme 
had been induced by tryptophan in vivo, was linear to 3 hours of 
incubation. The concentration of tryptophan used in the 
incubation medium was optimal for the TPO activity occurring 
in both the normal liver and in the liver from induced rats. 
Induction in Vivo of TPO—The rats were treated by intra- 
peritoneal injection with the substance under investigation and 
killed 6 hours later. It required 6 hours for the maximal in- 
crease in TPO in response to a dose of tryptophan of 1 gm. per 
kilo of rat. It was felt that if the hormone or compound under 
study played a role in the induction of TPO, or was an inducer 
itself, this fact also should evince itself in a 5 to 6 hour period. 
Liver Slice Experiments—In liver slices, as in homogenates, 
the optimal concentration of tryptophan in the incubation 
medium was 3 mm, and activity was a linear function of time. 
The 50 mg. slice obtained with a Stadie-Riggs slicer, in the cold, 
was incubated for 3 hours with tryptophan and buffer (total 
volume 3.0 ml.) or tryptophan and a solution of the test sub- 
stance in the buffer. The slice was homogenized, in the cold, 
in its own incubating fluid. 2.5 ml. of this mixture were de- 
proteinized with the proper volume of reagents, and kynurenine 
was determined at 360 mu. 
Insulin in Normal, 48 Hour Fasted, and Adrenalectomized 
Rats—The hormone used was Lilly’s Iletin, a crystalline zinc- 
insulin preparation. The dosage of insulin was injected intra- 
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peritoneally into all three types of rats. The group permitted 
to drink and eat ad libitum showed no signs of shock or dis- 
comfort at dosages up to and including 100 units of insulin per 
200 gm. rat. Rats denied food for 48 hours, but permitted 
water ad libitum, developed convulsions when given the injection 
of insulin. However, if these fasted rats were fed 10 per cent 
glucose at 15 to 20 minute intervals, starting immediately after 
injection of the insulin, they remained unaffected, even up to the 
100 unit dosage level. 

The adrenalectomized rats were extremely sensitive to the 
insulin, reacting to 1 to 3 units with convulsions, and sometimes 
death. Once again, if glucose was administered to these rats 
during the 6 hour induction period, they remained alert and free 
of convulsions at dosages up to 60 or 70 units of insulin per 
200 gm. rat. Adrenalectomies were performed under ether 
anesthesia and the animals maintained on a 1 per cent sodium 
chloride solution. The rats were used 6 to 8 days after opera- 
tion, and the completeness of the removal of the glands was 
verified by visual observation at autopsy. 

Alloxan-Induced Diabetes—The effect of diabetes on the level 
of TPO was determined in rats treated with alloxan (Eastman 
Kodak Co.) according to the method of Kipnis and Cori (13). 
The rats were deprived of food but not water for 24 hours after 
which time 200 mg. of alloxan per kilo of rat was injected intra- 
peritoneally. Glucose in the urine was estimated by Clinistix 
(14) purchased from the Ames Company and by Tes-Tape 
(15) purchased from Lilly. 


RESULTS 


TPO Induction with Tryptophan—For expository purposes, a 
dose of tryptophan of 1000 mg. per kilo of rat is considered the 
maximal dose, and the response obtained, 7.e. 9-fold increase in 
TPO level, is considered the maximal response. Injection of 
20 per cent of the maximal dose gave rise to 60 per cent of the 
maximal response. Consequently, an induction (in vivo) curve 
for TPO activity as a function of dosage of tryptophan injected 
was performed. Fig. 1 illustrates this plot. It is apparent 
from the figure that the activity response was not a linear 
function of dosage. From the curve it may be observed that 
small doses of tryptophan were far more efficient in inducing 
TPO, per mg. of tryptophan injected, than are large doses. 

Induction in Vivo of TPO with Insulin and Survey of Other 
Hormones for Inductive Action—It was suspected that there 
must be at least one other factor in the blood of the rat that 
aids in the induction of TPO. Several hormones were therefore 
explored for their ability to induce TPO, the first of these being 
insulin. It was found that insulin? could induce the formation 
of the enzyme in vivo although not significantly in vitro. In 
Fig. 2 the curve marked “normal” shows the increase in TPO 
activity of the normal rat as a function of insulin injected. 
Each open circle represents 3 to 4 rats. “Normal” is used here 
to indicate no prior treatment before the injection of insulin. 
The activity shows a 3- to 4-fold increase over the level in the 
normal rat. It must be remarked that these insulin-treated 
rats showed no signs of hypoglycemic convulsions but remained 
alert with no overt signs of stress. 

Since fasted rats are more sensitive to insulin, animals 
fasted for 48 hours were tested for a more intense TPO produc- 
tion after insulin injection. This group will be referred to for 


* Insulin contains no tryptophan. 
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Fig. 1. TPO induction curve using tryptophan as inducer. 
The activity of TPO is plotted as a function of dosage of trypto- 
phan injected per kilo of rat. The vertical bars show the standard 
deviation. Four rats per point were used; ( represents one rat. 
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Fic. 2. TPO induction by insulin. Activity of the enzyme 
plotted as a function of insulin dosage in normal rats, 
—O—O—O— (3 to 4 for each point); rats fasted for 48 hours, 
—A—A—A— (4 to 5 for each point); and adrenalectomized 
(ADX) rats —@—@—@— (2 to 3 for each point). Vertical bars 
represent the standard deviation. The symbol § indicates only 
one adrenalectomized rat used for that point. 
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brevity henceforth as fasted rats. In Fig. 2 the curve marked 
“fasted” represents the TPO activity plotted as a function of 
insulin dosage. As can be seen, the fasted rats gave a greater 
response to insulin, producing a 4- to 5-fold increase in the 
enzyme. 

The fasted rats developed hypoglycemic convulsions. In 
order to determine whether hypoglycemia played a role in the 
enzyme induction by insulin, a fresh series of fasted rats were 
fed 10 per cent glucose immediately after injection with insulin. 
These animals remained alert and free of convulsions. There 
were no differences in the activities of TPO produced by those 
fed glucose and those not given sugar. Results from both 
series were used to plot the curve in Fig. 2. Each triangle 
represents four to five rats. 

From the above experiments it was inferred that the action 
of insulin might be independent of the stress reaction mediated 
through the adrenals. By stress reaction is meant the release of 
adrenal steroids, either directly or via adrenocorticotropic 
hormone (ACTH), in response to a stimulus. A test of the 
relationship between this insulin action and the stress reaction 
was performed by inducing TPO with insulin in adrenalecto- 
mized rats. Experimentally this was difficult, but the glucose- 
feeding technique helped to maintain the animals in good condi- 
tion. Curve ADX in Fig. 2 illustrates the result of induction 
in the operated rats. The dark circles represent two to three 
rats and each square represents one rat. It may be seen that 
both the level of activity in the adrenalectomized control rat 
(not injected with insulin) and the activity of the injected rats 
decreased from the values obtained with the normal rats. The 
decrease in the control value of approximately 50 per cent 
corresponds closely to the value Knox (5) reported for adre- 
nalectomized rats. However, the maximal increase in activity 
on injection of insulin in the operated animals is still 3- to 4-fold 
above that of the adrenalectomized control. Adrenalectomy 
causes approximately a 50 per cent decrease in both the control 
level and the insulin-induced level. It may be concluded that 
in an absolute sense the induction of TPO by insulin is partially 
dependent on the adrenals, but in a relative sense (relative to 
the adrenalectomized controls), the induction is independent of 
the stress reaction. The above data are summarized in Table I. 

The control levels in the fasted but uninjected rat, and in the 
fasted rat injected with distilled water, were the same as the 








TaB_e I 
Induction of TPO with insulin 
r Maximal _ Per cent 
Type of rat | fnjected with | ‘rats | Tesponse (to [No.of inctesee fn 
insulin) used injection) used x... 
Normal 1.5 + 0.3f 12 6.44 1.1 3 360 
Adrenalec- | 0.8 + 0.2 4 2.7 + 0.5 3 340 
tomized | 0.8 + 0.2 3 
(fed 10% 
glucose) 
Fasted 1.6 + 0.4 4 6.8 + 0.4 4 430 
3.2 + 0.5 5 
(fed 10% 
glucose) 




















* All activites expressed in TPO units. 
+ Standard deviation. 
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normal control. This agrees with the finding of Chiancone 
(16) that a fast of 8 or 13 days had no effect on the TPO level 
in noninduced rats. However, the control level doubled when 
these fasted rats were given 10 per cent glucose to drink. This 
is due probably to a “stress” mechanism since adrenalectomy 
abolishes the increase induced by glucose. 

Another finding was that the induction of TPO by insulin is 
independent of the blood glucose level. The 48 hour fasted 
rats and the adrenalectomized rats when given insulin and fed 
the 10 per cent glucose showed, by Tes-Tape analysis, a 
positive glucose reaction in the urine (0.5 to 1.5 on our scale), 
These rats are thus hyperglycemic despite the insulin injected. 
Insulin, when given alone to the fasted animals, caused hypo- 
glycemic convulsions, yet the TPO level induced was the same 
as that in the rats fed glucose. 

Neither triiodothyronine (0.4 mg. per 200 gm. rat) nor di- 
ethylstilbestrol (50 mg. per 200 gm. male or female rat) affected 
significantly the TPO activity found in the liver 6 hours after 
intraperitoneal injection of the compound. However, testos- 
terone (50 mg. per 200 gm. male or female rat) did double the 
TPO activity, but whether this effect was mediated through the 
adrenals via the “stress” reaction was not determined. 

“Simultaneous” Experiments—In an attempt to obtain more 
information on the inducing action of insulin and cortisone, 
experiments were devised in which two test substances were 
injected at the same time into an animal. The first type of 
experiment involved the injection of insulin followed a few 
minutes later by an injection of tryptophan. It was known 
how much TPO could be induced by the insulin separately 
(Fig. 2) and by the tryptophan separately (Fig. 1). By ap- 
propriate summation of the data, the level could be compared 
to that produced in the animal receiving these materials by 
simultaneous injection. The tryptophan plus insulin could act 
synergistically, additively, or antagonistically. 

The results shown in Table II indicate that insulin and 
tryptophan act additively. 

From a comparison of Column 3 with Column 6, it can be seen 
that the TPO activity calculated on the basis of additivity 
(Column 6) is equal, within experimental error, to the experi- 
mentally determined value (Column 3). The calculation may 
be made in several ways. The method to be described com- 
pensates for two factors: (a) the nonlinear shape of the TPO 
induction curve (Fig. 1), and (6) the fact that the calculated 
value must be corrected for the use of two rats, each with the 
level of TPO normally present in the liver before induction. 
The experimental value is obtained by the use of only one 
animal. The value for TPO activity induced by 53 units of 
insulin per 200 gm. rat was 5.4 units as seen in Fig. 2. This 
activity was referred to Fig. 1 and from the curve it can be 
seen that the same level of activity was induced by 140 mg. of 
tryptophan per kilo of rat. The value of the tryptophan 
dosage actually given by injection to the experimental animal 
was then added to this insulin-equivalent value. For the case of 
the first calculation in Table II the injected tryptophan was 200 
mg., the total being 340 mg. The activity induced by 340 mg. 
of tryptophan was 9.0 TPO units. This was the value of the 
activity induced by insulin plus the increment due to the tryp- 
tophan injected and is the summed value appearing in Table II. 

The second type of “simultaneous” experiment involved the 
use of insulin plus cortisone. The results in Table III show 
that the inductive effects of insulin and cortisone can best be 
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TaBLeE II 
Additivity of TPO induction caused by insulin plus tryptophan 
(1) (2) (3) (4) (5) (6) 
TPO avi divi TPO 
tivit tivit 
Treatment Ss activity eo 4 pao 33 activity 
~— found* tryptophan; units of | summ 
injectedt insulint 
+ of maximal dose of | 4 | 10.0 8.1 5.4 9.0 
tryptophan (= + 2.14 
200 mg. trypto- 
phan per kg. rat) 
+ 53 units of in- 
sulin per 200 gm. 
rat 
#y of maximal dose | 4 8.0 3.9 5.4 8.4 
of tryptophan (= + 2.1 
100 mg. trypto- 
phan per kg. rat) 
+ 53 units of in- 
sulin per 200 gm. rat 




















* Activity in TPO units. 

{ From Fig. 1. 

t From Fig. 2. 

§ Column 5 plus increment due to tryptophan (from Fig. 1)— 
for calculation, see text. 

{ Standard deviation. 


TaB_e III 
Additivity of TPO induction caused by insulin plus cortisone 





(1) (2) (3) (4) (5) 











TPO activity TPO 

No. of | TPO activity | due to 1.67 mg. activit 
rats found* cortisone per . edt 
200 gm. ratt eee 


Treatment 








167 mg. cortisone§ per 200 | 3 
gm. rat + 53 units of in- 
sulin per 200 gm. rat 


9.5+0.39)4.0+1.9| 8.4 

















* Activity in TPO units. 

+ Average of four rats so injected. 

¢~ Column 4 + increment due to insulin—for calculation, see 
text. 

§ Cortisone (cortisone acetate) obtained from Merck and Co., 
Rahway, N. J. 

§ Standard deviation. 


described as additive (compare Column 3 with Column 5). The 
calculation for the summation of the inductive effects of insulin 
and cortisone given separately was the same as that used in 
the preceding section. The equivalence of 53 units of insulin 
with the injection of 140 mg. of tryptophan which was shown in 
the previous discussion on calculation was also used here. It 
was added to the value of 4.0 units of activity by the aid of 
Fig. 1. These hormonal results will be evaluated more fully in 
the discussion. 

Alloxan Diabetes and the TPO Level—A study was made of 
TPO activity in alloxanized animals as a function of time elapsed 
after the injection of alloxan. The results are illustrated in 
Fig. 3. 
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From this it can be seen that 72 hours after administration of 
alloxan, the TPO level was elevated 8- to 9-fold over that of the 
normal rat. This increase is of the order obtained on injection 
of the maximal dose of tryptophan. 

In addition, from the values given near the top of the figure 
it can be seen that the fluctuations in TPO observed were in- 
dependent of the glucose level in the urine and hence presumably 
of the blood glucose concentration. The results obtained might 
also be independent of any endogenous tryptophan liberated 
during tissue breakdown (alloxanized rats after 24 hours lose 10 
to 20 gm. of weight per day and show a negative nitrogen balance 
(17)). The weight loss at the 48th hour was of the same order 
of magnitude as that occurring at the 72nd hour. Yet the TPO 
activity at these two times was vastly different. However, it is 
still possible that the explanation for the second peak lies in the 
tryptophan liberated from endogenous tissue breakdown, which 
might stimulate the liver to produce TPO. 

To determine whether the first peak was caused by endoge- 
nously liberated insulin, alloxan was given by injection to rats 
which had received 24 hours previously alloxan (insulin-free). 
The rats were killed 6 hours after the second injection. The 
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Fic. 3. TPO activity as a function of elapsed time after alloxan 
injection. The ordinate is the activity of TPO and the abscissa 
is elapsed time in hours after administration of alloxan. Vertical 
bars represent the standard deviation. The circled numbers at 
the top of the figure indicate the number of rats used per point. 
Directly below this is the average amount of glucose in the urine of 
the rats just before they were killed. Tes-Tape was used where 
the values in terms of glucose are: 1+ equals 0.1 per cent glucose, 
2+ equals 0.25 per cent, 3+ equals 0.5 per cent, and 4+ equals 2 
per cent or more. 





TaBLe IV 
Effect of insulin and tryptophan in allozanized rats 











z Hour TPO 
siz: = ° iy 
i : Treatment —. pi. th oy 
2 P injec- alloxan 
& S tion (Fig. 3) 
1 | 5 | 7 days after adrenalectomy in- 6/1.3 + 0.6f) 9.9 
ject alloxant 
2 | 4 | 24hrs. after alloxanizationin- | 30 /13.0 + 0.7 | 1.7 
ject 200 mg. tryptophan per 
200 gm. rat 
3 | 5 | 72hrs. after alloxanization in- | 78 |10.8 + 0.7 | 11.8 
ject 200 mg. tryptophan per 
200 gm. rat 
4 | 5 | 96 brs. after alloxanization in- | 102 | 5.0 + 1.2} 11.9 
ject 100 units of insulin per 
200 gm. rat 
5 | 5 | At 24, 48, and 72 hrs. after al- | 96 | 1.7 + 0.4 | 11.9 
loxanization inject 5 to 7 
units of insulin§ 




















* Activity in TPO units. 

+ 40 mg. alloxan per 200 gm. rat. 

t Standard deviation. 

§ Urine showed 3+ glucose just before killing. 


TABLE V 


Comparison of activities of liver slice and homologous 
homogenate on incubation 











<n P 
Experiment no. Activity of slice* ante & me tumaeas of ites 
over homogenate 
41 1.96 1.18 
42 2.64 1.76 
44 1.89 1.43 
45 1.94 1.55 
46 3.57 2.11 
Average 2.40 + 0.70f 1.60 + 0.33 50 














* Activity in TPO units. 
{ Standard deviation is used throughout. 


TPO activity was found to be 4.0 + 0.4 units*®. This is to be 
compared to the maximal value for the peak of 9.9 + 1.7 units 
(Fig. 3). Consequently, of the increment over the normal level 
as represented by the first peak, 60 to 70 per cent was due to 
endogenous insulin liberated by the alloxan and 30 to 40 per 
cent of this value was probably due to the stress reaction caused 
by alloxan injection. Since a dip occurs in the curve in the 24 
to 48 hour period, stress cannot be the cause for the second 
peak. 

The following conclusions were drawn from the experiments 
listed in Table IV. (a) Adrenalectomy abolished the first peak, 
indicating that stress was its cause. The reason for the dis- 
crepancy between the results of this and the preceding experi- 
ment is not understood although it was necessary to administer 
glucose to this group by injection to keep them alive and they 
were moribund at the time they were killed. (b) The TPO- 
synthesizing system was not damaged by alloxan or by the short 


* Average of three rats with the standard deviation indicated. 


Induction of Tryptophan Peroxidase 





Vol. 233, No. 3 


diabetic state. (c) The rate-limiting step in TPO synthesis 
manifested itself when the TPO level had increased 9-fold over 
that found in the normal rat. (d) Insulin tends to correct the 
state responsible for the increase in TPO; the activity would not 
be expected to return to normal levels because insulin is an 
active inducer at this dosage. (e) Insulin in a dosage too low 
to induce TPO and almost high enough to control the diabetes 
resulted in a return of TPO to normal levels. 

Production in Vitro of TPO—Early in the work on the TPO 
system it was found that this enzyme could be induced, to a 
certain extent, in normal rat liver slices. Slices from normal rat 
liver were incubated for 3 hours in the presence of 3 mm trypto- 
phan. As a control, a weighed portion of the same liver was 
homogenized and an amount of tissue (50 mg.) equivalent to 
that in the slice was incubated under the same conditions. This 
represents the amount of kynurenine formed by the TPO orig- 
inally present in the normal liver. The activity remains linear 
over the 3 hour incubation period. It was found that the slices, 
on the average, showed 50 per cent greater activity than the 
homologous homogenate. This difference was significant by the 
t test (P <0.02). In Table V are illustrated the values obtained 
for a series of five animals with the liver homogenate compared 
to the slice. 

That this difference was not due to destruction of TPO in the 
liver upon homogenization was indicated by the fact that homog- 
enization in the presence of tryptophan (to serve as a protective 
agent for the TPO) did not alter the results. In another experi- 
ment, slices were incubated for 1 hour, homogenized and then 
incubated for 2 hours more. The resultant activity was close 
to that of the slice incubated for 3 hours and not that of the 
homogenate incubated for the same length of time. 

Recently, Civen and Knox (18) reported that in their pro- 
cedure TPO could be induced in normal rat liver slices when 
incubated in serum. The level of TPO was approximately 
double that of the homologous homogenate. Efimochkina (19) 
reported a large increase in TPO activity in liver sections incu- 
bated in the presence of L-tryptophan. The increase in activity 
was considerably greater than that obtained in our laboratory. 

In other experiments it was found that the kynurenine formed 
by the liver slice diffused out freely and was to be found almost 
completely in the incubating fluid. A variety of substances 
was examined for their ability to stimulate synthesis of TPO 
in vitro. Adenosine triphosphate at 2 x 10-‘ m, t-histidine at 
10-* m, histamine at 10~ m, acetyl 6-methyl choline chloride at 
5 X 10-* M, hydrocortisone at 10-* m, insulin-zine at 5.5 x 10-5 
M, and triiodothyronine at 10-* m had no effect on the slice or 
homogenate. All concentrations were final concentrations in 
the incubation medium. 

Several substances were tested for their effect on TPO itself. 
Homogenates were made from the livers of rats induced in 
vivo. These were incubated with tryptophan and the substance 
being tested. It was found that serotonin, carbobenzoxy L- 
tryptophan, and L-epinephrine (all at 3 x 10-* m final concen- 
tration) were potent inhibitors of the TPO system. Varying 
the glucose concentration in the buffer from 0 to 5 times the 
amount usually used had no effect on the enzyme action. 


DISCUSSION 


Action of Some Hormones—lIt is possible that insulin is active 
in the TPO system by making more energy available to the 
That this may not be the case, how- 


enzyme-forming system. 





Septeml 


ever, is | 
duces a 
If gluco: 
expected 
greater | 
the fast 
found. 
uninject 
despite 
Anotl 
availabl 
not acl 
Howeve 
either 1 
(21, 22) 
pool of 
an exte 
insulin 
The 
and tr 
their in 
signify 
system 
jected 
pool by 
The 
the an 
system 
to prot 
The tr 
formin 
bach ( 
Tos 
induct 
of try’ 
for thi 
the di 
If acl 
zyme- 
shown 
vivo is 
centra 
AI 
necess 
poor | 
less s 








September 1958 


ever, is indicated by the fact that insulin in the fasted rat pro- 
duces a greater increase in TPO than in the normal, fed rat. 
If glucose utilization for energy were rate-limiting, it would be 
expected that upon injection of insulin the TPO level would be 
greater in the fed (greater glucose and glycogen levels) than in 
the fasted animal. As has been pointed out, just the reverse is 
found. In addition, the level of TPO in the 48 hour-fasted, 
uninjected animal is the same as in the normal, uninjected rat 
despite their differing glucose levels. 

Another possibility is that insulin may make tryptophan 
available to the TPO enzyme-forming system.‘ Insulin can 
not achieve this via hydrolytic or catabolic mechanisms. 
However, it could function by affecting the permeability of 
either the cellular or intracellular membrane to tryptophan 
(21, 22). Sources of free tryptophan might be the amino acid 
pool of plasma (23, 24) or liver cell (23, 24). This is essentially 
an extension of the concept of Levine and Goldstein (25) that 
insulin increases cell permeability to glucose. 

The results of the simultaneous experiment in which insulin 
and tryptophan are injected at the same time indicate that 
their inductive powers are additive. This can be interpreted to 
signify that the tryptophan at the site of the enzyme-forming 
system comes from two sources; namely, the tryptophan in- 
jected and the tryptophan which is released from an endogenous 
pool by the insulin. 

The action of cortisone can also be interpreted as affecting 
the amount of tryptophan available to the enzyme forming 
system. It is known that cortisone causes a metabolic shift 
to protein catabolism resulting in the liberation of amino acids. 
The tryptophan thus produced might be available to the enzyme- 
forming system and induction would ensue. Knox and Auer- 
bach (7) also believe this to be a reasonable interpretation. 

To summarize, hormonal induction may be a form of substrate 
induction in that certain hormones might affect the availability 
of tryptophan for the enzyme-forming system. The evidence 
for this is indirect and other mechanisms are possible, including 
the direct action of a hormone on the enzyme-forming system. 
If a change in tryptophan concentration does occur at the en- 
zyme-forming site it would have to be small for it has been 
shown by Lee (26) that TPO induction using tryptophan in 
vivo is not accompanied by gross changes in tryptophan con- 
centration in the liver. 

A matter of ccnzern was the relatively high dose of insulin 
necessary to obtain induction of TPO. The rat is essentially a 
poor animal to use in a study of this hormone, since it is far 
less sensitive to the effects of the hormone than the mouse. 
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Another factor is that induction of TPO with tryptophan re- 
quires relatively large doses of the amino acid, which makes the 
need for large doses of hormone less surprising. 

Tryptophan Induction of TPO—If a rat were rapidly to con- 
sume, digest and absorb 6 gm. of the average diet, he would 
ingest about 23 mg. of tryptophan. This amount of the amino 
acid is sufficient to cause a 3-fold increase in TPO when injected 
into a 200 gm. rat (Fig. 1). On this basis it is concluded that 
a 10-fold increase in TPO is obtained only under laboratory 
conditions. 

Alloxan Diabetes and TPO Activity—As has been shown in 
this study, the level of TPO, a key enzyme in the metabolism 
of tryptophan, changes radically after diabetes is induced with 
alloxan. Possible interpretations of this information are: (a) 
this diseased state causes the production or liberation of large 
quantities of tryptophan; (6) alloxan blocks the formation of 
nicotinic acid from tryptophan and the TPO level increases due 
to the accumulation of tryptophan and/or its metabolites 
(kynurenine can also induce TPO but it does not accumulate 
in alloxan diabetes) ; (c) the diabetic state is caused by an excess 
of tryptophan or a metabolite thereof. It would appear that 
alloxan diabetes may be related in some manner to tryptophan 
metabolism. 


SUMMARY 


1. The induction of tryptophan peroxidase by tryptophan is 
not a linear function of dosage injected. Small doses are more 
efficient than large ones. 

2. Insulin can induce formation of tryptophan peroxidase in 
vivo, and some of this induction is independent of the adrenals. 

3. The inducing effects of tryptophan and insulin are additive, 
as are those of insulin and cortisone. 

4. Triiodothyronine and diethylstilbestrol have no effect on 
tryptophan peroxidase under the experimental conditions used, 
but testosterone can induce a small increase in tryptophan 
peroxidase activity. 

5. After injection of alloxan, the tryptophan peroxidase level 
shows a biphasic increase as a function of time elapsed after 
injection. The first peak is reached 6 hours postinjection; at 
24 hours the TPO activity returns to normal levels; and at 72 
hours the second peak is reached and maintained. The changes 
in tryptophan peroxidase level are independent of the glucose 
concentration in the urine. 

6. Small increases in tryptophan peroxidase can be induced 
in liver slices from normal rats. 

7. The hormonal relationships in the production of this adap- 
tive enzyme are discussed. 
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Vitamin B,, and Protein Biosynthesis*t 


VI. RELATION OF VITAMIN By TO AMINO ACID ACTIVATION 


SHREEPAD R. WaGie,t Ransan Menta, anp B. Connor JOHNSON 


Department of Animal Science, University of Illinois, Urbana, Illinois 


(Received for publication, March 17, 1958) 


It has been reported (1-5) from this laboratory that vitamin 
Bie functions in vivo and in vitro in the incorporation of amino 
acids into protein. There was observed a reduction in the in- 
corporation of amino acids into protein in vitamin By:-deficient 
pigs and rats in vivo as compared to normal animals (4). Simi- 
lar reduction in the incorporation of amino acids was observed 
upon incubation of liver and spleen homogenates (obtained from 
vitamin By+-deficient rats after the removal of the nuclei and 
mitochondria) with adenosine triphosphate, guanosine triphos- 
phate, and fructose diphosphate (ATP,! GTP, and FDP) and 
Camino acids (2, 4). Confirmatory data have recently been 
obtained with chicks (6).2. A study of the distribution of Co®- 
labeled vitamin Bi: administered to a rat showed it to occur 
principally in the microsomes and 105,000 x g supernatant frac- 
tion (2, 7). In this paper we present data on the ammonium 
sulfate fractionation of “pH 5 enzymes” and on the role of By:- 
containing ones (20 to 60 per cent ASF) in amino acid incorpora- 
tion into protein. 

The work of Keller and Zamecnik (8) has revealed that an 
enzyme system from rat liver catalyzes the incorporation of 
labeled amino acids into protein under anaerobic conditions. 
This system consisted of the liver fractions, the soluble cell frac- 
tion and the microsomes to which are added C"-amino acid, ATP 
and an ATP regenerating system such as phosphoenolpyruvate 
and pyruvate kinase. This simplified system is used in many 
of the studies reported here. 


EXPERIMENTAL 


Production of Deficiency: Rats—Weanling male rats of the 
Sprague-Dawley strain weighing 30 to 40 gm. were fed ad libitum 
the soya flour lactose basal ration previously described (4). The 
animals were housed individually in an air-conditioned room and 
maintained for a period of 10 to 12 weeks. The rats on the 


* This work was supported in part by grants-in-aid from the 
National Vitamin Foundation, New York, and the U. 8. Atomic 
Energy Commission under Contract No. AT(11-1)-67. 

¢ Part of this work was presented at the meeting of the Ameri- 
can Chemical Society, New York, September 8-13, 1957, and part 
of it was presented at the meeting of the American Society of 
Biological Chemists, Philadelphia, April 14-18, 1958. 

t Travelling Scholar of 8. V. Rajadhyaksha Foreign Education 
Society (India). 

1 The abbreviations used are: TCA, trichloroacetic acid; ATP, 
adenosine triphosphate; GTP, guanosine triphosphate; FDP, 
fructose diphosphate; ASF, ammonium sulfate fraction; Bi: an- 
tagonist, anilide of the monocarboxylic acid of vitamin Bi:. 


deficient diet grew slowly and developed anemia as reported 
previously (4). 

Preparation of Microsomes and pH 5 Enzymes—Approximately 
15 gm. of rat liver were homogenized, 5.0 gm. at a time, with 2.5 
times their volume of buffered medium as described previously 
(4). The homogenate was centrifuged at 8000 x g for 10 min- 
utes at 0°. The supernatant fluid containing the microsomal 
and soluble fractions was removed and centrifuged at 105,000 x 
g for 1 hour. The supernatant fluid containing the soluble cell 
fractions was decanted for the preparation of the pH 5 enzymes. 
The microsomal pellets were homogenized with the same volume 
of buffered medium and the resulting homogenate was centri- 
fuged again at 105,000 x g. The microsomes obtained after 
the centrifugation were homogenized with buffered medium to 
give a microsomal suspension containing 25 mg. of protein per 
ml. The second washing of the microsomes was required to 
reduce the concentration of the pH 5 enzymes in the microsomes. 

To prepare pH 5 enzymes, the supernatant fluid from the first 
centrifugation at 105,000 x g was diluted with an equal volume 
of unbuffered medium (containing 0.9 m sucrose, 0.004 m MgClo, 
and 0.025 m KCl) and the pH was carefully adjusted to 5.2 by 
adding N acetic acid drop by drop with constant stirring. The 
solution was kept at 0° during this procedure. The precipitate 
was collected by centrifugation in the cold and washed once by 
suspension in unbuffered medium followed by centrifugation. 
The precipitate was then dissolved in buffered medium (pH 7.4) 
to give a solution of the pH 5 enzymes containing 10 mg. of 
protein per ml. The microsomes and pH 5 enzymes prepared 
in this way were used in all the studies reported here. 

Determination of Protein—Protein concentrations were deter- 
mined turbidimetrically with TCA. 0.25 to 2.5 mg. of protein 
in 5.0 ml. of 5 per cent TCA were mixed thoroughly and read 
at 540 my in a Beckman spectrophotometer 30 seconds later. 
A standard calibration was carried out with known quantities 
of bovine serum albumin (crystalline) obtained from Armour and 
Co. This method was used in all the protein determinations. 

Incorporation Experiments with pH 5 Enzymes: Microsome Sys- 
tem—For the incorporation of 2-C"-alanine into protein the in- 
cubations were carried out as described in Table I. The mix- 
tures were incubated (under 5 per cent CO2 in Nz) for 1 hour at 
35°. After the incubation the proteins were precipitated with 
10 per cent TCA and were washed and assayed for C" activity 
as described previously (4). 

Distribution of Co®-By. in Liver Fractions—As the previous 
studies (2) had indicated that over 60 per cent of the vitamin 
Biz was present in the microsome plus supernatant fractions, the 
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TaBLe I 
Activity of B2-containing ‘“‘pH & enzymes’’ enzyme system 





Biz status of rats* 





Enzyme system +Bis —Bu 





e -m./mg. c.p.m./mg. 
of protein | of protein 





1 ee 88 28 
2. Complete system + crystalline Biz....... 92 63 
3. Complete system + 2 mg. ribonucleic 

Ride eine aaa 6b vdeo ehG poe cece b.0.0 fi 94 31 
4. Complete system minus pH 5 enzymes.... 26 22 
5. Complete system minus pH 5 enzymes + 

a ee ee a 38 30 
6. Complete system minus microsomes...... 20 18 
7. Complete system minus microsomes + 

NN, oo oid issbp<ab 6.0 owas oee. 0.0: 21 20 


8. Microsomes + pH 5 enzymes from defi- 
cient added to normal and normal added 
SE cs re Eo 51 78 











* Two rats were used for each study and run in duplicate. 

t Complete system contained 0.3 ml. of microsomes; 0.2 ml. of 
pH 5 enzymes; 0.25 umole of 2-C'*-alanine; 10 uwmoles of phos- 
phoenol pyruvate; 0.02 mg. of pyruvate kinase; 0.5 umole ATP; 
and 0.25 umole GTP. The incubation mixture was made 1.0 ml. 
by the addition of 0.15 m KCl. The incubation mixture 8 con- 
tained all other components as in the complete system. 


subcellular By, distribution has been studied further. For this 
purpose, 3 uc. of Co®-vitamin Biz was injected into a rat in 
three doses of 1 yc. each at 8-hour intervals. The rat was killed 
8 hours after the last injection. The liver was removed and 
immediately chilled at 0°, and homogenized with 2.5 times its 
volume in sucrose buffer. The microsomes and pH 5 enzymes 
were prepared as described previously except that the microsome 
preparations were not washed for the second time before taking 
a sample for counting. As a large amount of activity was found 
to be present in these microsomes, they were further washed 
twice. These washings were found to remove considerably more 
radioactivity, as can be seen in Table II. 

Incorporation of Co®-B. in pH & Enzymes in Vitro—As vita- 
min By. was found to be present in pH 5 enzymes (Table II) 
and since vitamin B,. added to the deficient microsomal super- 
natant preparations gave marked stimulation of amino acid in- 
corporation into protein, it appeared that such an enzyme system 














TasBie II 
Distribution of Co®-By,s in liver fractions 
Fractions Total c.p.m. a aie 4 
WOES TOUMUOTINUO, 00... ce ete eee nee 92,080 
MN os Scere cance n ee doer ets Cee Me 12,350 
ONT RAR ee ee Pe) A 15,720 
ONNNNN iGL .ehity. ied. al eae 35, 520 613 
Microsomes (washed twice)................ 23, 160 400 
rr rere ee 19,200 
NNR, a ve ncioces h axicie' > eco e sha 0% 14, 260 1,174 
Supernatant after pH 5.2 enzyme separa- 
Te oy wate bn eiaaee aN adie 3,020 
PE NEN GID 6. ci6.cic:ct ecg te asciee conve None 
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might be able to incorporate vitamin B,. into its functional site. 
To study this, three incubations with radioactive B,. were car- 
ried out: (1) microsomes plus supernatant, (2) microsomes alone, 
and (3) supernatant alone. In all the cases, ATP, GTP, FDP, 
and the Co-Bi. were added to the incubation mixture. After 
incubation for 1 hour the mixtures were chilled to 0° and separa- 
tion of microsomes and pH 5 enzymes carried out as described 
previously. The fractions obtained were treated with 10 per 
cent TCA and were washed with hot alcohol and ether, and 
then counted to measure Co-By2 incorporation. The results 
are given in Table III. 

Ammonium Sulfate Fractionation of pH 5 Enzymes—250 gm. 
of normal rat liver obtained fresh from rats killed by decapita- 
tion were chilled in ice and homogenized in 750 ml. of ice-cold 
buffer medium using a Waring Blendor. All steps in these 
studies were carried out at 0°. Homogenization was done at 
full speed for 1 minute. The homogenate was centrifuged for 
15 minutes at 15,000 x g in a refrigerated centrifuge (Servall 
SS-1 model). The supernatant obtained was passed through 
several layers of cheesecloth to remove fat. The supernatant 
thus obtained was then centrifuged at 105,000 x g for 1 hour. 
The microsomes were discarded and the supernatant was again 
passed through cheesecloth for removal of residual fat to give 
Supernatant I. Supernatant I was then adjusted to pH 5.2 as 
described previously. The precipitate thus obtained after cen- 
trifugation at 10,000 x g was redissolved in 300 ml. of buffered 
medium. 

Removal of Nucleic Acids—3 ml. of 1 per cent protamine sul- 
fate solution were added drop by drop to a constantly stirring 
solution. The solution was allowed to stand for 1 hour and 
then centrifuged at 10,000 x g for 10 minutes to give Super- 
natant II. The precipitate was discarded. 

Ammonium Sulfate Fractionation I—To 300 ml. of Supernatant 
II, solid ammonium sulfate was added to give 20 per cent satura- 
tion. After 3 hours the precipitate was removed (to give 0 to 
20 per cent ammonium SQ, Fraction I) and the supernatant 
fluid was brought to 40 per cent saturation to give Fraction II 
(20 to 40 per cent saturation). This process was repeated to 
give fractions precipitated at 60, 80, and 100 per cent saturation. 
Each fraction was dissolved in buffer medium (to contain 10 
mg./ml. estimated by turbidity) and dialyzed for 24 hours against 
1000 ml. of the buffer medium with three changes. Each of the 
fractions so obtained was tested for its activity in the incorpora- 
tion of amino acid into microsomal protein. The results of this 
study are given in Table IV. 

Preparation of Supernatant Nucleic Acids—A large amount 
of pH 5 enzymes was precipitated as above from the normal 
animal livers. The precipitate was then treated with 0.5 per 
cent NaCl at 50° and the undissolved material was removed by 
centrifugation. The supernatant fluid was cooled to 0°, and 
previously cooled (—10°) 95 per cent ethanol was added to 
precipitate the nucleic acids. The precipitate obtained was 
dissolved in cold distilled water and dialyzed for 24 hours against 
distilled water to remove any traces of NaCl. The concentration 


of nucleic acid in this solution was approximately 5.0 mg./ml. 
This solution was stored frozen at —20° and used as the source 
of supernatant nucleic acids. 

Distribution of Radioactive-B,. in ASF of pH 5 Enzymes—As a 
large amount of radioactivity was found in pH 5 enzymes, the 
distribution of Bi. between the various ASF of this enzyme was 
investigated. For this purpose, 6.0 uc. of Co®-By2 was injected 
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TaB_e III 
Incorporation of Co*-Bi. by enzyme preparations* 
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Biz status of rats 





+Bi —Biz 


Enzyme preparation 





c.p.m./mg. of 


he c.p.m./mg. of 
protein 


protein 

















oH 5 micro- oH 5 micro- 
enzyme somes enzyme somes 
Microsomes and_ supernatant | 
(10.0 mg. of protein in 5 ml.)...| 151 | 241 112 | 203 
Microsomes alone (10.0 mg. of 
green 08 @w):.-.. ss)... 50.2 268 216 
Supernatant alone (10.0 mg. of | 
protein in 5 ml.)............... | 132 88 





* Incubation mixture contained 1.0 wymoles FDP, 0.5 umole 
ATP, and 0.25 umole GTP and Co®-By. (50 myg.). These values 
are for two rats run in duplicate. There was very good agree- 
ment between replicates. 


in three doses of 2 we. each at 8 hour intervals into a normal 
250 gm. rat. The rat was sacrificed 8 hours after the last injec- 
tion. The pH 5 enzymes were prepared and fractionated as 
described previously. The activity of the various ASF is given 
in Table V. 

Effect of a Vitamin By, Antagonist on Incorporation of Radio- 
active Amino Acid into Microsomal Protein—In this study, in- 
corporation of radioactive amino acid into microsomal protein 
was studied by using the pH 5 enzymes plus the microsome 
system in the presence of a Bi antagonist. In a few of the 
incubations pH 5 enzymes were replaced by 20 to 60 per cent 
ASF either in the presence or absence of Bi: antagonist and also 
in the presence of 4 mg. of 20 to 60 fraction. The results of these 
studies are given in Table VI. Studies on the effect of a Bi 
antagonist on pyrophosphate exchange are given in Table VII. 








TaBLe V 
Distribution of radioactive By, in ammonium SO, fractions 

Fractions Total c.p.m. 25 
105,000 X g supernatant.................. 88,600 
le GRID, a2. 50000 .eachewviniia wees 67,400 
Activity after nucleic acid separation...... 62,000 
ok PE eT Ot eT Nil 
20-40 per cent ASF...................000e 6,800 2,130 
SD-BO pew Came DP aol ais ois ie siete evs datics 51,800 17,250 
60-80 per cent ASF .................ceeees Nil 
80-100 per cent ASF...................05. Nil 











RESULTS AND DISCUSSION 


The results of the experiments on the activity of the pH 5 
enzymes from B,-deficient and B;:-normal rats are summarized 
in Table I. These data clearly show a lower incorporation of 
2-C-alanine into protein in the in vitro system consisting of 
microsomes + pH 5 enzymes derived from the liver of Bi:- 
deficient rats. As with the cruder microsome + supernatant 
system (4) here also the addition of vitamin By: partially restored 
the amino acid incorporating ability of the deficient system. 
These data again confirm the requirement for pH 5 enzymes as 
found by Keller and Zamecnik (8). No effect of addition of 
vitamin B,2 was found on incorporation of alanine by the micro- 
somes alone or by pH 5 enzymes alone. However, when micro- 
somes from Birdeficient animals were incubated with the 
addition of pH 5 enzymes from B,:-normal animals, the incor- 
poration activity was raised almost to that of the complete 
system from the normal animals. This indicates that the 
components affected by the absence of Biz from the diet were 
associated with pH 5 enzymes. As would be expected if this 
were the case, the pH 5 enzymes from the deficient animal were 
less active in increasing the incorporation activity of the norma 











TaBLe IV 
Incorporation of 2-C\*-alanine into protein by microsome preparations supplemented with pH & enzymes and ASF 
System used ‘ ue 
eg ers Sak ei ek Pe ee Er OE Me ee ene eT er 93 
Re ee nn III 202590), TPC LEU II vwcae eens eraser teeeesseeessWaesessdeseassaaesda 32 
5. ee RED NN Ue © SU 5 es In casein se iea ew cds s caewess TTP ee ET OTE 21 
4. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (0-20 per cent)... 0.2.2.0... 0... ccc ccc eee eens 24 
5. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (20-40 per cent)................ 0.0 67 
6. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (40-60 per cent).......... 0... 154 
7. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (60-80 per cent)......... 0.0. c ccc eee eee eens 28 
8. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (80-100 per cent). ..........00 0... 20 
9. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. ASF (20-40 per cent) + 1 mg. ASF (40-60 per cent)................. 216 
10. 0.3 ml. microsome + 0.5 mg. nucleic acid + 0.4 mg. of each of the 5 ASF.............. 0.0 c ccc cece eee neues 138 
11. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. ASF (0-20 per cent) + 1 mg. ASF (80-100 per cent)................. 26 
12. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. ASF (0-20 per cent) + 1 mg. ASF (60-80 per cent)................... 22 
13. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. ASF (60-80 per cent) + 1 mg. ASF (80-100 per cent)................ 20 
14. 0.3 ml. microsome + 0.5 mg. nucleic acid + 0.66 mg. ASF (0-20 per cent; 60-80 per cent; 80-100 per cent) each......... 30 
15. 0.3 ml. microsome + 0.5 mg. nucleic acid + 0.66 mg. ASF (20-40 per cent; 40-60 per cent; 60-80 per cent) each........ 166 
16. 0.3 ml. microsome + 0.5 mg. nucleic acid + 0.66 mg. ASF (0-20 per cent; 40-60 per cent; 60-80 per cent) each.......... 108 








* Complete system contained 0.3 ml. microsomes, 0.2 ml. pH 5 enzymes, 0.25 umole of 2-C'*-alanine, 10 umoles phosphoenol pyru- 
vate, 0.02 mg. pyruvate kinase, 0.25 umole GTP, 0.5 umole ATP. The incubations 4 to 16 contained the same amount of 2-C"-alanine, 
phosphoenol pyruvate, pyruvate kinase, ATP, and GTP. The final volume of the incubation mixture was made to 1.0 ml. with 0.15 
mM KCl. 
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TaBLe VI 
Incorporation of 2-C'4-alanine into microsomal protein by pH & enzymes and ASF and its inhibition by Bz antagonist 
System used - ~ 

ee Sin 45 4 4 suns SED PIES Sis Pees UG dw < acsan:b nisin: dies Gs ewpie-e nwo. xn 010 ea ibn apesebbbowedene tens cee 98 
I NOI, 6s 6 oo cone odd UUSUCS dedi Weve ssdacgwnsnenseccecencanee NED ee ene ee re 34 
NS UT PUI ML... cc ctr Odeo cndnecccdecarevedceccsescsesteovecens os 24 
eR TINIE.) | sD vet SUSUR aL Ms Ale os cpavpctcenasessccecccesuswoctccccescscoccescoess es 76 
ee GD, Cet gti, YOR Cie GNL... . Sabie cp. swiss oc clb Soe duiciawbeccecsscccccccseccesces 52 
6. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. (20-40 per cent; 40-60 per cent) ASF each.......................... 216 
7. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. (20-40 per cent; 40-60 per cent) ASF each + anti-By,2 (125 ug.).... .. 186 
8. 0.3 ml. microsome + 0.5 mg. nucleic acid + 1 mg. (20-40 per cent; 40-60 per cent) ASF each + anti-By2 (250 yg.).... .. 122 
9. 0.3 ml. microsome + 0.5 mg. nucleic acid + 2 mg. ASF (20-40 per cent) + 2 mg. ASF (40-60 per cent) + anti-Bi. (250 

NUE TBEINE IE RCC Ie eT AIST TG v.55 Sou. GS oie 65-005 gis crs wiv iin daveibee Zio Bio oak awe els «0s y diei'd be aS Gan PRG dd Es oan ane 193 








* Complete system contained 0.3 ml. microsomal preparation, 0.2 ml. pH 5 enzymes, 0.25 umole 2-C"-alanine, 10 umoles phosphoenol 
pyruvate, 0.02 mg. pyruvate kinase, 0.5 umole ATP, and0.25umole GTP. The incubations 6 to 9 contained the same amount of 2-C'*- 
alanine, phosphoenol pyruvate, pyruvate kinase, ATP, and GTP. The final volume of the incubation mixture was made 1.0 ml. by 


the addition of 0.15 m KCl. 


microsomes as compared to the complete system from normal 
animals. A reduction in protein synthesis could be obtained by a 
decrease in the nucleic acid content of the cell as shown by Gale 
and Folkes (9). However, previous work (10, 11) has failed to 
indicate, in the case of the rat, chick, or pig, any effect of vitamin 
Bi deficiency on the biosynthesis of either liver DNA or RNA 
from several different labeled precursors. However, to be certain 
that the quantity of nucleic acids. was not critical, experiments 
were carried out (see Table I, Line 3) in which 2 mg. of the nucleic 
acids were added to both the normal and deficient preparations. 
That the added nucleic acids could not restore the incorporation 
of the amino acid in By,deficient animals indicated a direct 
requirement of By: for protein synthesis rather than indirectly 
through an effect on nucleic acid synthesis. 

Dubnoff (12) working with Escherichia coli 113-3 requiring 
vitamin Bi. has studied the formation of 6-galactosidase. He 
observed a 4-fold increase in the 6-galactosidase activity in the 


Tasie VII 


Incorporation of P**-labeled pyrophosphate into ATP by (40 to 60 
per cent ASF of pH & enzymes and its inhibition by anti-Biz 








Total counts 
System incorporated 
into ATP 
c.p.m. 
Complete system* with pH 5 enzymes.............. 846 
Complete system with pH 5 enzymes + anti-Biz 
RO, ES 2. ee 388 
Complete system + excess pH 5 enzyme (4 mg.) + 
RTI D «5 .<.ccn cs wa + o> ccedanioen agar e Udine 4 04 sial> « 460 
Complete system with ASF (40-60 per cent)........ 610 
Complete system with ASF (40-60 per cent) + anti- 
De 5s nino ¢ «cn, 0.satpmeey edie He Oh RY 310 
Complete system with ASF (40-60 per cent excess, 4 
meaty) ++ BRbi-Big (BOD UG.) 55.00.00 ocd bocce oenses ne 570 








* Complete system contained 5 mg. of pH 5 enzymes or 2 mg. 
of 40 to 60 per cent ASF; 100 umoles of tris(hydroxymethy]l)- 
aminomethane 7.6; 5 umoles ATP; 1 umole of pyrophosphate ac- 
tivity (PP**) pH 7.5 containing 200,000 c.p.m.; 2 umoles of MgCl.; 
0.25 umole of alanine made to 1 ml. with 0.15 m KCl. Anti-Biy 
was added as anilide of the monocarboxylic acid pH 7.6. 


presence of vitamin Bio. 
the following hypothesis: 


Based on these results he proposed 


Substrate Bi : 
Enzyme—S ~————— Enzyme <——> Inactive Enzyme 


tl 


Amino Acids 


These results are probably better explained by the hypothesis 


that vitamin B,. functions in protein synthesis (Enzyme S 
Amino Acids) rather than in the conversion of the inactive 
enzyme to the active form. 

The data in Table II on the subcellular distribution of radio- 
active vitamin By. in liver indicate that whereas there is a con- 
siderable amount of the vitamin in each fraction the concentra- 
tions are highest in the microsomes and supernatant. They 
also indicate that at least some of the activity in the microsomes 
is readily removed by washing so that the supernatant is, in 
fact, the chief site. The remaining radioactivity in the micro- 
somes could not be washed out by hot TCA, alcohol, or water, 
nor could it be dialyzed off. In the supernatant fluid practically 
all of the Bi: is precipitated with the pH 5 enzymes. 

The in vitro incorporation of Co®-Bi2 into microsomes and 
pH 5 enzymes (Table III) shows that a large amount of radio- 
activity is incorporated into these fractions. This study demon- 
strates that this enzyme system is able to incorporate vitamin 
Biz into its functional.site. However, much less radioactivity 
is incorporated in vitro than in the whole animal. 

The studies carried out on the activity of ASF of the pH 5 
enzymes for the incorporation of amino acids into proteins are 
shown in Table IV. It can be seen that nucleic acids, and the 
ASF 20 to 40 and 40 to 60 per cent are absolutely essential for 
the incorporation of alanine into protein. An increase in 
incorporating activity of a little over 2-fold was obtained when 
20 to 60 per cent ASF replaced crude pH 5 enzymes. The 0 to 
20 and 60 to 100 per cent ASF were inactive. From the increased 
incorporation per mg. of enzyme used, a 2-fold purification in 
the supernatant enzymes needed for amino acid incorporation 
was obtained by the ammonium sulfate fractionation. These 
fractions are certainly not pure and presumably contain several 
enzymes from the pH 5 precipitate, possibly a different Bie 
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enzyme for each amino acid. In the present experiments, 
alanine only was used, but previous work (4) had shown Bis 
to be involved also in the incorporation of phenylalanine and 
methionine. 

The partially purified enzymes obtained by ammonium sulfate 
fractionation may be similar to the highly purified tryptophan 
activating enzyme obtained by Davie et al. (13) from beef pan- 
creas. It is probable that the 20 to 40 and 40 to 60 per cent 
ASF of the pH 5 enzymes contain many different enzymes acti- 
vating different individual amino acids. 

The distribution of the radioactive By, of the supernatant pH 5 
enzymes among the various ASF is given in Table V. It can 
be seen that the radioactivity is entirely in those fractions which 
are required for amino acid incorporation (Table IV), most of 
the Co®-Bi2 appearing in the 40 to 60 per cent fraction. 

Smith et al. (14) have prepared a number of substituted 
carboxamide derivatives of vitamin Biz which have shown Bie 
antagonism in bacteria. One of these, the anilide of the mono- 
carboxylic acid, has been used in the inhibition studies reported 
here. It can be seen from Table VI that this compound mark- 
edly inhibits the incorporation of the amino acid alanine into 
protein by the microsome + pH 5 enzyme system (Experiment 
1 versus 4 and 5) and also by the microsome + 20 to 40 and 40 to 
60 per cent ASF of the pH 5 enzymes (Experiment 6 versus 7 
and 8). It can also be seen (Experiment 8 versus 9) that dou- 
bling the amount of 20 to 40 and 40 to 60 per cent ASF of the 
pH 5 enzymes (the By part) reverses this inhibition. This 
seems to strongly support the previous experiments indicating 
a direct role of vitamin Biz in amino acid incorporation into 
protein. 

An important advance in the understanding of the mechanism 
of protein synthesis was the finding by Hoagland et al. (15, 16) 
of an ATP amino acid activation step linked with pyrophosphate 
exchange. DeMoss and Novelli (17) have also demonstrated 
such an amino acid activating system in microorganisms. It 
appeared conceivable that B,. might function in this initial 
activation step in view of its presence in the active part of the 
pH 5 enzymes. Smith (18) has suggested that the labile amide 
groups of the Bi. molecule are the functional site and the experi- 
ments already cited indicate that the changing of these groups 
results in an antagonist which inhibits our enzyme system. 
It is proposed then that vitamin Bi. might serve via the car- 
boxamide groups for transfer of the amino acid from ATP to 
supernatant RNA. Preliminary studies with C™-alanine, ATP 
and the 20 to 60 per cent ASF indicate the formation of bound 
amino acid. Further purification of the Bis enzymes is in 
progress and it is hoped that this will further elucidate the path- 
way and role of By in amino activation. It is perhaps relevant 
here to refer to the enzyme recently found in liver which catalyzes 
the exchange of ammonia from protein amide groups with 
aliphatic amines including the e-amino group of lysine (19). 

Another approach to the study of the site of action of By 
in protein synthesis was the use of P*-labeled pyrophosphate and 
the study of its exchange with ATP in the presence of amino 
acid and the “Biz enzyme”’ part of the pH 5 enzymes. In these 
experiments also the effect of the Biz antagonist was observed. 
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The results given in Table VII show that this exchange is 
catalyzed by the crude Biz enzymes and is markedly inhibited 
by the antagonist and that this inhibition is reversible by the 
addition of more B,:-containing enzymes. These experiments 
suggest an activation reaction for amino acids as: 


By enzyme 
amino acids + ATP ———__——_, 





~ amino acids + pyrophosphate activity (P*) 


The role of vitamin By. in the mechanism of this activation 
reaction is being studied and will be reported subsequently. 


SUMMARY 


1. The incorporation of amino acids into protein in vitro has 
been studied within the system prepared from microsomes and 
the “pH 5 enzyme’”’ fraction of rat liver. 

2. A reduced incorporation of amino acid into protein was 
observed in pH 5 enzyme microsomal preparations obtained 
from animals deficient in vitamin By. This reduction could 
be partially overcome by the addition of crystalline By, and 
completely by the addition of pH 5 enzyme preparation from 
Bi-normal animals. 

3. A major portion of the By activity was found in the pH 5 
enzyme fraction prepared from the liver of a normal rat injected 
with Co®-Byo. 

4. Incubation of radioactive Bi. with the pH 5 enzyme- 
microsome system showed that a large amount of Bie is incor- 
porated in vitro into microsomes and into pH 5 enzymes. 

5. Ammonium sulfate fractionation of the pH 5 enzyme prep- 
aration led to a 2-fold increase of amino acid incorporation 
into protein. 

6. A large amount of radioactive Bi. was found in the 40 to 
60 per cent ammonium sulfate fraction and a smaller amount 
in the 20 to 40 per cent fraction when these fractions were 
obtained from pH 5 enzymes isolated from the liver of a rat 
given Co®-Bie. 

7. 40 per cent inhibition of the incorporation of amino acid 
was obtained when a By antagonist was added to the pH 5 
enzyme microsome system. This inhibition could be partially 
restored by the addition of excess pH 5 enzymes and almost 
completely by the addition of 20 to 40 and 40 to 60 per cent 
ammonium sulfate fractions (Bi. enzyme fraction of pH 5 
enzyme). 

8. The 40 to 60 per cent ammonium sulfate fraction enzyme 
was able to incorporate pyrophosphate activity (PP) into 
adenosine triphosphate when incubated with adenosine triphos- 
phates, amino acids, enzyme, and pyrophosphate activity (PP®). 
This exchange could be inhibited by the addition of the Bis 
antagonist. 
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Ethionine, an ethyl analogue of methionine, was previously 
reported to induce a fatty liver in female but not in male rats 
(2, 3). This sex difference is probably a function, at least in 
part, of the presence of androgens in the male, since orchidectomy 
makes the male susceptible and the administration of androgens 
protects intact or ovariectomized females (3, 4). Ovariectomy 
or estrogen administration are without effect. 

Ethionine also inhibits protein synthesis in the liver of rats, 
as evidenced by the inhibition of: (a) the incorporation in vivo 
of radioactive methionine and glycine into total liver protein 
(5); (b) the increase in tryptophan peroxidase activity in response 
to injected tryptophan (6); (c) the increase in xanthine oxidase 
after repeated injections of xanthine (7) and during repletion 
after the feeding of a protein-free diet (8); (d) the increase in 
threonine dehydrase in response to added threonine in the 
perfused liver (9); (e) the increase in 4-dimethylaminoazobenzene 
demethylase or reductase in response to injected methylchol- 
anthrene (10); and (f) the increase in benzpyrene hydroxylase 
in response to injected benzpyrene (11). These results were 
observed in mature female or immature male rats. 

In view of the sex difference in the induction of fatty liver 
by ethionine, it was of interest to determine whether a similar 
sex difference could be demonstrated in the effect of ethionine 
on hepatic protein metabolism. Three different methods of 
studying protein synthesis were used, namely, the incorporation 
in vivo of radioactive amino acids into total liver and plasma 
protein, the hepatic level of the labile enzyme system tryptophan 
peroxidase, and the incorporation of radioactive leucine into 
the protein of a liver microsome system in vitro. With all three 
methods it has been found that the administration of ethionine 
produces an inhibition of protein synthesis in the liver of female 
but not of male rats. 


* Supported in part by research grants from the National Insti- 
tute of Arthritis and Metabolic Diseases, National Institute of 
Health, United States Public Health Service (A-610) and the Life 
Insurance Medical Research Fund. A preliminary report of part 
of this work was presented at the meeting of the Federation of 
American Societies for Experimental Biology, April 1955, in San 
Francisco, California (1). 

t United States Public Health Service Research Fellow, 1955- 
1956. 


EXPERIMENTAL 


White rats of the Wistar strain (Carworth Farms) of both 
sexes, maintained on Purina laboratory chow and weighing from 
150 to 250 gm., were used in all experiments except the one in 
which radioactive glycine was used in vivo. In the latter ex- 
periment, rats of the Long-Evans strain were used. An aqueous 
solution of pt-ethionine (Mann Chemical Company and Cali- 
fornia Foundation for Biochemical Research), containing 0.153 
mmoles/ml., was administered intraperitoneally to each experi- 
mental rat in a total dose of 6.1 x 10-* mmoles of ethionine /gm. 
of body weight. Control animals received an equal volume of 
distilled water or saline. In some experiments, pi-methionine 
was administered in amounts equimolar to the amount of 
ethionine. The methionine was given either together with 
ethionine in the same solution or in an aqueous solution contain- 
ing 0.153 mmoles/ml. in place of ethionine. 

Amino Acid Incorporation in Vivo—Rats weighing within 10 
gm. of each other were fasted overnight. At zero time, one-half 
the dose of ethionine, saline, or water was administered by 
injection. At 1 hour tracer amounts of a radioactive amino 
acid were administered intraperitoneally; at 2 hours the second 
half of the dose of ethionine, saline, or water was given; and at 
5 hours the animals were killed by ether anesthesia. Blood was 
withdrawn from the abdominal aorta into a heparinized syringe 
and was centrifuged to separate the plasma from the cells. 
Duplicate 0.3 ml. aliquots of the plasma were added to equal 
volumes of 10 per cent trichloroacetic acid. The liver was 
removed and chilled and duplicate aliquots, weighing about 
100 mg., were placed in 1 ml. of 10 per cent trichloroacetic acid 
and homogenized. The precipitates from the plasma and liver 
were washed four times with 4 per cent trichloroacetic acid, once 
each with acetone, 95 per cent ethanol, warm ethanol-ethyl ether 
mixture (3:1), ethyl ether, and petroleum ether. The second and 
third trichloroacetic acid washes each contained 5. mg. of the 
corresponding nonradioactive carrier amino acid. The dried 
powder was plated on filter paper (Whatman No. 50) and 
counted in a windowless flow counter to a precision of 3 per cent. 
The quantity of protein in the sample was determined by the 
spectrophotometric method of Lowry et al. (12) after the protein 
was dissolved in NaOH. The counts were corrected to 0 mg. 
by a self-absorption curve. 

The following radioactive amino acids were used: pt-leucine- 
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1-C", (Isotopes Specialties Company), t-valine' (randomly 
labeled with C"), and glycine-2-C". The radioactive materials 
were obtained on allocation from the United States Atomic 
Energy Commission. 

Tryptophan Peroxidase Studies—The animals were given 
food and water throughout the experiment. At zero time and at 
1 hour they were given, by injection, one-half the dose of 
ethionine, ethionine-methionine, methionine, or saline. The 
animals were killed by a blow on the head at 5 hours. In one 
experiment the animals were given the total dose of ethionine or 
saline by injection at zero time, and some were killed at 1 hour 
and some at 3 hours. In another experiment the animals were 
treated by injection at zero time and at 1 hour, and were killed 
12 hours later. The liver was rapidly removed, chilled, and 
weighed, and aliquots were homogenized with 7 volumes of 
cold 0.14 m KCl in a Potter-Elvehjem homogenizer. The homo- 
genate was assayed for tryptophan peroxidase at two levels of 
tissue concentration by the method of Knox and Auerbach (13). 
In early trial experiments it was found that the length of homo- 
genization of the liver was an important variable. In all 
subsequent experiments the liver was ground in the same homo- 
genizer for a standard period of time (3 minutes). The results 
are expressed in both concentration (umoles of kynurenine/gm. of 
wet liver/hour) and total activity (umoles of kynurenine/ 
liver/100 gm. of body weight/hour). 

Amino Acid Incorporation in Vitro—The incorporation of 
L-leucine-C" into protein in cell-free preparations of liver was 
measured by the method of Keller and Zamecnik (14), with minor 
modifications. In most experiments one experimental and one 
control animal were observed simultaneously. However, in a 
few experiments two experimental and two control rats were 
used. The animals were fasted overnight, treated by injection 
with one-half the dose of ethionine, ethionine-methionine, or 
saline at zero time and at 1 hour, and killed by a blow on the 
head at 5 hours. The liver was rapidly removed and chilled. 
In most experiments 3 gm. of liver were homogenized for 30 
seconds in 2.3 volumes of cold Medium A of Keller and Zamecnik 
(14). The homogenate was centrifuged at 15,000 x g for 10 
minutes in a Spinco model L preparative ultracentrifuge with 
No. 40 head. The first supernatant, excluding the fluffy coat, 
was carefully withdrawn with a needle and syringe and was 
diluted with 6 volumes of cold Medium B of Keller and Zamecnik, 
instead of with 3 volumes as recommended. This first super- 
natant was free of nuclei, mitochondria, and larger cell fragments 
but still contained microsomes in suspension. The purpose of 
the additional dilution was to obtain “cleaner” microsomes with 
ower incorporating ability in the absence of added supernatant 
(see below). Previous experiments with 3 volumes of diluent 
frequently showed no enhancement of incorporation on addition 
of supernatant. With 6 volumes this was found less frequently 
but still occurred, especially in microsome preparations from 
male animals. | 

The diluted first supernatant was centrifuged at 100,000 
x g (40,000 r.p.m.) for 1 hour. The supernatant from this 
centrifugation (final supernatant) was carefully withdrawn and 
the tube containing the sedimented microsomal pellet was care- 
fully rinsed three times with 1 ml. portions of Medium B. The 
microsomes were suspended with the aid of a loose fitting, motor- 
driven, glass pestle in 1 volume of Medium A for every gm. of 


1 This was generously provided by Dr. H. Tarver. 
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original liver. To each 10 ml. of the final supernatant was 
added from 0.8 to 0.85 ml. of acetate buffer, 0.06 m, pH 3.8, to 
give a final pH of 5.1 to 5.3. The resulting precipitate, called 
the pH 5 precipitate, was separated by centrifugation at 15,000 x 
g for 10 minutes, resuspended in Medium B, and recentrifuged, 
The precipitate was finally suspended in 2 volumes of Medium 
A for every gm. of original liver. Much of the precipitate 
appeared to dissolve, although some insoluble material always 
remained. All solutions were kept cold during the entire 
preparation. From 25 to 30 mg. of microsomal protein and 12 
to 15 mg. of pH 5 precipitate protein was obtained from 3 gm. of 
liver. No consistent differences were found in the amounts of 
these fractions from the control and ethionine-treated animals. 

Incubation flasks were set up containing the following ma- 
terials: t-leucine-C“ (randomly labeled, Nuclear Instrument 
and Chemical Corporation), 6.1 x 10-* to 9.2 x 10-* yumoles, 
containing 80,000 to 100,000 c.p.m. (measured); potassium 
fructose-1, 6-diphosphate, 10 umoles; ATP, 1 wmole; guanosine 
di- or triphosphate, 0.25 wmoles; DPN, 0.5 wmoles; a dialyzed 
aqueous extract of an acetone powder of rabbit muscle extract 
(10 mg./ml.), 0.2 ml.; microsomes, 0.2 ml. (containing about 1.5 
mng. protein); and pH 5 precipitate, 0.3 ml. (containing about 
0.5 to 0.7 mg. protein); in a final volume of 1.0 ml. The incuba- 
tion was carried out in 20 ml. beakers in the Dubnoff metabolic 
shaker under an atmosphere of 95 per cent N:2-5 per cent CO, for 
10 minutes. The reaction was stopped by washing the beaker 
contents into 10 per cent trichloroacetic acid to give a final 
trichloroacetic acid concentration of 5 per cent. Unincubated 
zero time controls were run in each experiment. 

The resulting precipitate was washed four times with 4 per 
cent trichloroacetic acid (the last two washes containing 5 mg. 
each of nonradioactive carrier L-leucine), and twice with warm 
ethanol-ethyl ether (3:1). The precipitate was then extracted 
three times with hot 10 per cent trichloroacetic acid, twice with 
ethanol-ethyl ether mixture (3:1), and twice with ethyl ether. 
The precipitate was plated on filter paper (Whatman No. 50) 
and counted in a windowless flow counter to a precision of 3 per 
cent. The amount of protein on the plates was determined by 
the method of Lowry et al. (12). The values were corrected for 
self-absorption by an empiric curve whenever this was necessary 
because of significant differences in the amount of protein present. 

Total Liver Protein—Liver protein content was measured by 
precipitating and homogenizing a suitable aliquot with trichloro- 
acetic acid, washing once with 4 per cent trichloroacetic acid, 
twice with warm ethanol-ethyl ether (3:1), and once with ethyl 
ether. After solution in NaOH, protein was determined by the 
method of Lowry et al. (12), with the use of similarly prepared 
liver protein as a standard. 


RESULTS 


Amino Acid Incorporation in Vivo—The incorporation of 
labeled leucine and valine into total liver and plasma protein 
was definitely diminished by ethionine administration in female 
rats (Table 1). These results confirm previous observations with 
radioactive methionine (S**) and glycine (5). In contrast, 
mature male rats given ethionine showed very slight or no 
inhibition of incorporation of leucine, valine, or glycine into liver 
or plasma protein (Table I). 

However, interpretation of data on amino acid incorporation 
in intact animals is subject to many uncertainties. Therefore, 
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it was considered desirable to see if other methods would show a 
similar sex difference in the effects of ethionine upon hepatic 
protein metabolism. The labile hepatic enzyme system tryp- 
tophan peroxidase was one system chosen for this purpose. 

Tryptophan Peroxidase Studies—In preliminary experiments 
an attempt was made to compare the increment in the activity of 
liver tryptophan peroxidase after the injection of tryptophan 
in ethionine-treated and control rats. The results confirmed 
those of Lee and Williams (6), who reported that pretreatment of 
female rats with ethionine partially inhibited the rise in tryp- 
tophan peroxidase activity that normally follows the injection 
of tryptophan. However, the findings in these experiments were 
not readily interpretable because ethionine diminished the level 
of the enzyme in animals not receiving tryptophan by injection. 
Therefore, the relative magnitude of the response of the experi- 
mental and control animals to administered tryptophan could 
not be validly compared. 

Further work showed that a decrease in the basal level of 
hepatic tryptophan peroxidase activity was consistently produced 
in female rats by the administration of ethionine (Table II). 
When expressed both in concentration and total activity the 
basal level was about 58 per cent less in ethionine-treated females 
than in controls within 5 hours after the ethionine administra- 
tion. In contrast, the ethionine-treated male rats had the 
same activity of the enzyme as did the control males (Table II). 
Incidentally, it was observed that in untreated animals the liver 
of males had more tryptophan peroxidase activity than did that 
of females, whether the activity was expressed in concentration 
or in total quantity per liver corrected to constant body weight. 
It was also found that the fall in enzyme activity induced by 
ethionine administration in females could be prevented by 
methionine, administered simultaneously with the ethionine. 
In fact the administration of ethionine and methionine in com- 
bination resulted in a large increase in enzyme activity over the 
control value (Table II). Methionine alone appeared to have 
much less effect. This finding is similar to the previous observa- 
tion that the incorporation of radioactive glycine into liver 
protein in mice was greater after simultaneous methionine- 
ethionine administration than in controls given water or 
methionine alone (5). 

The decreased enzyme activity in the ethionine-treated females 
could be due to a direct inhibitory effect of ethionine upon the 
enzyme, the loss of a normal activator, the production of an 
enzyme inhibitor, the interference with enzymes such as 
kynurenine formamidase or catalase which could affect the assay 
of tryptophan peroxidase (15), or to a decrease in enzyme protein. 
Several experiments were performed to test these possibilities. 
The direct effect of ethionine upon the activity of the enzyme in 
liver homogenates from normal animals was first determined. 
The addition of increasing amounts of ethionine up to 1.84 x 
10-! m (30 mg. /flask), had no demonstrable effect upon the tryp- 
tophan peroxidase activity of normal liver homogenates in several 
experiments. Also, different amounts of liver from control and 
ethionine-treated females were assayed for activity either alone 
or when combined. The mean difference between the expected 
values, i.e. the sum of the control and ethionine-treated livers, 
and the actual values was 15 per cent. The small magnitude 
of this difference suggests that the presence of a direct activator 
or inhibitor effect is unlikely. Also, these results rule out any 
obvious interference in the enzyme assay by a decrease in 
formamidase or by changes in catalase in the liver of the 
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Tase I 
Effect of ethionine administration to male and female 
rats upon the incorporation in vivo of radioactive 
amino acids into liver and plasma protein 
Specific activity of total protein 
Radioactive amino acid Liver Plasma 
administered, group, and sex 
Difference Difference 
c.p.m./mg. from c.p.m./mg. rom 
control control 
% % 
pL-Leucine-1-C-14* 
Contesl (PF)... o..0.is<. 51 + 4f 78 + 2t 
Ethioninef (F)........ 40 + 2 —22 | 5526 —29 
L-Valine-C-14§ 
Control (F)...........| 37 & 2 64 + 5 
Ethionine (F)......... 27+ 1 —27 | 46+ 5 —28 
Glycine-C-14] 
ks en 52.5 
Ethionine (F)......... 31.6 —40 
Control (7). .......... 44.4 
Ethionine (F)......... | 29.7 —33 
Os ee 55.1 
Ethionine (F)......... 45.9 -17 
pL-Leucine-C-14* 
Control (M)........... 60 + 3 
Ethionine (M)......... 60 + 5 0 
L-Valine-C-14§ | 
Control (M)........... 24+ 1 56 + 3 
Ethionine (M)......... |} 23+ 1 —-4 |/51+1 -9 
Glycine-2-C-14|| 
Control (M)........... | 22+ 2 
Ethionine (M)......... 21+ 1 —5 














*7.4 X 10- mmoles, containing 2.3 X 10° c.p.m. (measured). 

t Mean of the results from three animals + standard error of 
the mean. 

t See the text for dosage. 

§ 15.8 X 10°? mmoles, randomly labeled, containing 9.6 X 10° 
c.p.m. (measured). 

§ Data of Simpson et al. (5). 

|| 0.27 X 10-? mmoles, containing 2.78 X 10° ¢.p.m. (measured) 


ethionine-treated female, since these two enzymes are present 
in high concentrations in the normal liver (15). In agreement 
with this conclusion are the results of unpublished experiments? 
which showed no effect of ethionine administration to female 
rats upon the level of liver catalase. 

In a few experiments in which female animals were killed at 
different time intervals after the administration of ethionine or 
saline, the following per cent differences between the enzyme 
activity of experimental and control animals were found: 1 hour, 
0 per cent; 3 hours, —43 per cent; and 12 hours, —82 per cent. 

Amino Acid Incorporation in Vitro—In order to study the 
mechanism of action of ethionine upon hepatic protein metab- 
olism, a system was required which would show in vitro the 
same sex difference as was observed in intact rats. In an attempt 
to find this, the liver microsome-supernatant system of Zamecnik 
and Keller (14, 16), capable of incorporating radioactive amino 
acids into protein, was first tested. In preliminary experi- 
ments the reported requirements of the system for ATP, 
guanosine di- or triphosphate, and an energy-generating system 


2 J. Botero and E. Farber, unpublished results. 
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Taste II 


Effect of ethionine and methionine administration to male and 
female rats upon the tryptophan perozidase activity of the liver 


























Liver tryptophan peroxidase activity 
Number Difference 
ead ont ial tos hrynavenine| contestt 
anima. } les k * umoles nine ntro 
"Zam. wet liver/br. | 4/lver/100 gm. 
=r % 
Control...... F 21 2.1 + 0.2} 7.8 + 0.6f 
Ethionine....| F 22 0.9 + 0.1§ 3.3 + 0.4§ —58 
Control...... M! 10 3.14 0.3 11.74 1.1 
Ethionine....|M | 10 3.0 + 0.39 | 11.2 + 1.49 —4 
Control...... F 4 2.1+ 0.1 7.5 + 0.4 
Ethionine- 
methio- 
Me kes sss | F 4 4.1 + 0.6] | 15.3 + 1.4§ +100 
Control...... F 2 2.0 + 0.3 8.6 + 1.4 
Methionine. .| F 2 | 2.7 + 0.6 10.9+1.4 | +27 








* See the text for dosage. 

¢ Based upon results expressed/liver/100 gm. of body weight. 
t Mean + standard error of the mean. 

§ p < 0.01 (highly significant). 

§ p> 0.05 (not significant). 

|| p < 0.05 (significant). 


Tase III 
Incorporation of radioactive u-leucine into the protein 
of liver microsomal system from ethionine-treated 
and control female and male rats 





_ Number of Origin of liver 
animals 





microsomessnd | Fotproteint | from control 
c.p.m./mg. | % 

F so | MC + SC 100 

F a ME + SE 24+ 3 | IS 
F ae MC +SE | 91 + 4 | -9 
F | mon ME + SC |, 25 + 5 —75 
M; ll MC+SC | 100 

M 11 ME + SE 95 + 6 —5 
M . MC + SE 115 + 6 | +15 
M 9 ME + SC 8$+10 | —15 
F | eH MC + SC 100 | 

F 1 ME + SC 35 | —65 
F i MEM + 8C 101 +1 
F 1 MM + SC 104 +4 





* MC = microsomes from control rats; ME = microsomes from 
ethionine-treated rate; MEM = microsomes from ethionine- 
methionine treated rats; MM = microsomes from methionine- 
treated rats; SC = pH 5 precipitate from the supernatant fraction 
from control rate; SE = pH 5 precipitate from the supernatant 
fraction from ethionine-treated rats (see the text for dosage). 
See the text for the composition of the incubation medium. 

¢ In each experiment the specific activity of the microsome- 
supernatant system from the control rats is considered as 100 and 
the specific activity of each of the other systems is expressed rela- 
tive to the contro] values. The values are the means from all 
the animals for the system + the standard error of the mean. 
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for maximal incorporation were confirmed. For the generation 
of ATP, fructose-1 ,6-diphosphate, and a dialyzed acetone powder 
extract from rabbit muscle, containing glycolytic enzymes, were 
used. Although Keller and Zamecnik (14) reported a consistent 
requirement for the pH 5 precipitate from the supernatant 
fraction for optimal incorporation, we could not confirm this 
in our preliminary experiments. However, when the preparation 
of the microsomes was modified by increasing the volume of the 
suspending medium (see above), the need for the supernatant 
fraction was usually observed in the system from female rats. 
The microsome-supernatant system from the livers of 
ethionine-treated female rats consistently showed much less 
incorporation of radioactive leucine into its protein than did 
preparations from control females (Table III). The incorpora- 
tion in the system from the control females varied from 4.6 x 
10-* to 2.3 X 10-5 wmoles of leucine/mg. of protein/10 minutes, 
which corresponded to specific activity rates of from 60 to 200 
c.p.m./mg. of protein. However, since the absolute levels of 
incorporation varied in different experiments, the values in 
Table III are expressed on a relative basis, with the incorporation 
in the control system of each experiment assigned a value of 100. 
This calculation does not alter the relative values in the experi- 
mental and control systems and facilitates comparison between 
the results from the groups of control and experimental animals. 
The decrease in incorporation in preparations from ethionine- 
treated females could be due to consistent differences in the 
amount of preformed tissue leucine diluting the added labeled 
leucine. Increases in the levels of free amino acids in the livers 
of ethionine-treated female and male rats have been reported 
(17, 18). In order to test this possible explanation, the effect 
of adding different amounts of radioactive leucine upon incor- 
poration was determined in several experiments. In all in- 
stances, increasing the level of the labeled leucine from 1 to 3 
ug. had no effect upon either the absolute amount of incorpora- 
tion or the relative amount in preparations from ethionine- 
treated females as compared to that from controls. These 
results indicate that an optimal amount of leucine was used in 
the experiments and that the large decrease in incorporation 
in the system from the experimental females is not the result 
merely of increased dilution of the added radioactive leucine. 
It is apparent from the results presented in Table III that, 
in the liver amino acid incorporation system from female rats, 
the extent of incorporation into protein is mainly a function of 
the source of the microsome fraction and not of the supernatant 
fraction. For example, the incorporation is consistently low 
when microsomes from ethionine-treated females are used, regard- 
less of the origin of the supernatant fraction. In like manner, 
with microsomes prepared from control females, the incorporation 
is essentially the same with the pH 5 precipitate from the super- 
natant fraction of either control or experimental females. From 
these results it would seem that one important biochemical 
lesion affecting the incorporation in vitro of radioactive leucine 
into protein in the liver of ethionine-treated females is localized 
in the microsomes. However, since some incorporation always 
occurs into microsomal protein in the absence of added pH 5 
precipitate from the supernatant fraction, the microsome fraction 
may very well be contaminated by components from the super- 
natant fraction. The localization of one defect to the micro- 
somes is therefore at best tentative. 
In contrast to the results with females, the incorporation 
of leucine into protein was equal in preparations from ethionine- 
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treated and control males (Table III). However, in the male 
the relative incorporation varied with the origin of the super- 
natant fraction. With the supernatant fraction from ethionine- 
treated males, the uptake into protein in preparations from both 
control and ethionine-treated animals was greater than with the 
supernatant fraction from control animals. Unfortunately, in 
these experiments, the enhancement of incorporation by the 
addition of supernatant was not consistently found. In those 
experiments in which the enhancement was present, the incor- 
poration in the presence of supernatant from ethionine-treated 
males was 30 to 40 per cent larger than that with supernatant 
from controls. The results in Table III are the mean values of 
these experiments and therefore show only a 15 per cent increase 
in incorporation. 

In one experiment, the injection of methionine along with 
ethionine completely protected against the inhibitory effect of 
ethionine administration on the activity of female microsomes 
(Table III). The administration of methionine alone had no 
obvious effect on incorporation. Methionine added in vitro to 
preparations from ethionine-treated females did not alter the 
low level of incorporation. In agreement with the results of 
Zamecnik and Keller (16), the addition of pt-ethionine in vitro 
had no inhibitory effect upon the incorporation of leucine in 
preparations from control females. 

Protein Content of Liver—In view of the deleterious effects of 
ethionine upon protein metabolism in female rats, it was of 
interest to determine whether any differences between the total 
liver protein of the ethionine-treated and control females would 
be observed within the same time intervals as were used in the 
above experiments. In fed animals, the liver protein in mg./ 
liver /100 gm. of body weight was 442 + 16 in controls and 443 + 
1 in ethionine-treated animals. In fasted animals the corre- 
sponding values were 352 + 4 in controls and 341 + 10 in 
ethionine-treated females. Thus, under both nutritional condi- 
tions, no significant differences were found in the values of 
total liver protein in experimental and control rats. 


DISCUSSION 


It is obvious from the results of this study that ethionine, 
when administered to intact rats, has different effects upon 
hepatic protein metabolism in males and in females. In the 
ethionine-treated females there is a decrease in the uptake of 
some radioactive amino acids into liver and plasma protein in 
vivo, in the basal level of liver tryptophan peroxidase, and in the 
incorporation in vitro of radioactive leucine into the protein of 
the liver microsome-supernatant system of Keller and Zamecnik 
(14). Incontrast, ethionine has none of these effects in the male. 

This sex difference corresponds to that observed in the induc- 
tion of fatty liver in rats by ethionine (2, 3). However, no 
comparable sex difference has been demonstrated in other bio- 
chemical and morphological effects of ethionine, such as (a) 
inhibition of transmethylation from methionine to choline in vivo 
(19, 20); (b) inhibition of the oxidation of the methyl group of 
methionine to formate (21); (c) elevation of the level of free 
amino acids in the liver (17, 18); (d) inhibition of hepatic choline 
oxidase (22); (e) increase in pancreatic protein synthesis (23); 
and (f) production of pancreatic acinar degeneration (24, 25). 

The sex difference in the ethionine-induced fatty liver is 
probably a function, at least in part, of the presence of androgens 
in the male, since orchidectomy makes the male susceptible and 
the administration of testosterone propionate or of other andro- 
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gens protects intact or ovariectomized females (3, 4). On the 
other hand, ovariectomy or the administration of estrogens to 
castrate females is without effect upon the production of fatty 
liver by ethionine (3,4). In view of the correlation between the 
occurrence of the fatty liver and the inhibition of hepatic protein 
synthesis, it is probable that the sex difference in the effects of 
ethionine upon hepatic protein metabolism is also mediated by 
the presence of androgens in the male. 

The exact mechanism of action of ethionine upon protein 
metabolism, as well as upon other metabolic systems, is not clear. 
From the available evidence, it is probable that the effects of 
ethionine are in some way related to the metabolism of 
methionine. The administration of adequate amounts of 
methionine has been found to protect animals against most of the 
effects of ethionine (2, 5, 6, 10, 11, 21, 23, 24, 26), including the 
long term carcinogenic effects on the liver (27). It has been 
found that this protective action is dependent upon the con- 
tinuous presence of sufficient amounts of methionine in such a 
manner as to suggest an intimate interaction between the 
analogue and the natural amino acid (2, 24). No protective 
action has been demonstrated for certain other amino acids* 
(2, 5, 24) or for choline in acute experiments (2, 24). Also, 
some of the effects of ethionine have recently been reproduced 
by dietary methionine deficiency. When rats were force-fed 
methionine-free diets that were adequate in choline, they devel- 
oped a fatty liver with the same sex difference and lobular 
distribution pattern of the excess lipide as is seen with ethionine 
(28). 

However, the nature of the interaction of ethionine and 
methionine, especially in regard to protein metabolism, is 
problematical. Since the results obtained on incorporation 
in vitro of leucine into protein in the microsome-supernatant 
system appear to parallel those obtained in vivo, with regard to 
the effects of ethionine on hepatic protein metabolism, the further 
study of the action of ethionine upon the suggested components 
(29) of the system in vitro may give new insight into the mecha- 
nism of this interaction of ethionine with methionine. 


SUMMARY 


1. The effect of the administration of ethionine upon protein 
metabolism in the liver of female and male rats was investigated 
by three different methods: (a) incorporation of radioactive 
amino acids into total liver and plasma protein in vive; (6) the 
basal level of tryptophan peroxidase activity; and (c) the 
incorporation in vitro of radioactive leucine into the protein of 
the microsome-supernatant system of Zamecnik and coworkers. 

2. With all three methods, it was found that ethionine ad- 
ministration inhibits protein synthesis in the liver of female rats 
but not of male rats. This sex difference coincides with that 
previously described for the induction of fatty liver by ethionine. 
Since the sex difference in the production of fatty liver is a 
function, at least in part, of the presence of androgens in the 
male, it is probable that the sex difference in the effects of 
ethionine upon hepatic protein metabolism is also mediated by 
androgens. 

3. The administration of methionine was found to counteract 
the inhibitory effects of ethionine upon the activity of liver 
tryptophan peroxidase and upon the incorporation in vitro of 
leucine into protein. 


*R. Levy and E. Farber, unpublished results. 
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The Enzymatic Decomposition of S-Adenosyl-L-Methionine* 
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(Received for publication, April 10, 1958) 


The role of S-adenosyl-t-methionine as a methyl donor has 
been investigated in mammalian systems (1) and in microbial 
metabolism (2-4). In addition, the compound is involved in 
the formation of spermidine from putrescine (5). Information 
concerning the stability of S-adenosylmethionine in various en- 
zymatic systems is a necessary prerequisite for studies concern- 
ing its role in group transfer. In the course of studies with 
S-adenosyl-t-methionine as a methyl donor for the adenosyl- 
methionine-homocysteine transmethylase system of bacterial 
and yeast cells (2), it was apparent that the methyl donor is de- 
composed enzymatically. Preliminary observations concerning 
this enzymatic decomposition of S-adenosylmethionine have 
been reported previously from this laboratory (6-8). In all the 
systems that have been investigated, the pattern of enzymatic 
destruction appears to be similar, but the speed of the reaction 
varies greatly. Cell-free extracts of Aerobacter aerogenes were 
selected for this study, because the enzymes degrading S-adeno- 
sylmethionine are particularly active. 


METHODS 


Preparation of Enzymes—A. aerogenes, NRRL No. 199, was 
grown in a medium consisting of 1.5 per cent peptonized milk 
(Difco) and 0.75 per cent K,HPO,. The phosphate was ad- 
justed to pH 7.0 and autoclaved separately from the peptonized 
milk. The cells were transferred successively into 10 ml., 100 
ml., 1 liter, and 10 liters of this medium. The cultures were 
vigorously aerated and maintained at 35°. After 6 hours’ growth, 
the final 10 liter culture was harvested in a refrigerated Sharples 
centrifuge. The cells were washed twice with 0.1 m phosphate 
buffer, pH 7.0, and resuspended in an equal volume of phosphate 
buffer. The cell suspensions were subjected to sonic disintegra- 
tion for 15 minutes in a 10 ke. Raytheon sonic oscillator. After 
removal of cell debris by centrifugation at 25,000 x g for 20 
minutes, the supernatant fluid was collected, frozen and stored 
at —20°. The method of Lowry et al. (9) was used to measure 
the protein content of the extracts. 

Compounds—S-Adenosyl-t-methionine, S-adenosyl-p-methio- 
nine, and methylthioadenosine were prepared according to the 
methods developed in this laboratory (10-12). Methylthiori- 
bose was prepared by the hydrolysis of methylthioadenosine 
with 0.1 N H.SO, at 100° for 5 hours. A sample of a-amino-y- 
butyrolactone was generously supplied by Dr. M. D. Armstrong. 
All other compounds were obtained from commercial sources. 

Analytical Methods—The reaction mixtures contained 5 to 10 
mg. of protein and 2 to 10 umoles of substrate per ml. in 0.1 m 
phosphate buffer, pH 6.8. Unless stated otherwise, all reactions 


* This work was performed under the auspices of the United 
States Atomic Energy Commission. 


were carried out at 35° for 3 hours. Under these conditions 
there is virtually no chemical decomposition of S-adenosyl- 
methionine (13). The reactions were stopped by the addition 
of 0.1 ml. of a 50 per cent acetic acid solution per ml. of reaction 
mixture. For controls, substrates and enzymes were incubated 
separately until the end of the experiment, then mixed and acidi- 
fied. After centrifugation, aliquots of the supernatant fluid were 
placed on Whatman No. 1 or No. 3 papers and analyzed by paper 
chromatography with the solvent system butanol-acetic acid- 
water (60:15:25, volume for volume), which separates all the 
reaction products under investigation. The purine compounds 
were detected by scanning with an ultraviolet lamp (Mineralite, 
No. SL-2537), and amino acids were located with a solution of 
0.1 per cent ninhydrin in water-saturated n-butanol. The sul- 
fur-containing compounds were detected with a platinic iodide 
spary (14). 

After location with ultraviolet light, the purine compounds 
may be eluted with water and measured quantitatively. For 
greater accuracy and convenience, the procedure of Schlenk and 
DePalma (10) was modified as follows: Dowex 50 is equilibrated 
with 0.1 Nn H,SO,, and 2.0 ml. of the supernatant fluid from the 
acidified reaction mixture is placed on a 10 by 30 mm. column. 
Interfering compounds are eluted with 0.1 n, followed by 0.5 nN, 
H.S0,. Methylthioadenosine, adenine, and S-adenosylmethio- 
nine are eluted successively with 1.0, 2.0, and 4.0n H.SO,. The 
concentration of the compounds in the eluates is determined with 
the Beckman DU spectrophotometer. 

Homoserine and a-amino-y-butyrolactone were eluted from 
paper chromatograms (15) and measured quantitatively (16). 
The latter compound is readily identified because it forms a 
characteristic yellowish brown area on paper chromatograms 
that have been sprayed with ninhydrin. Methylthioribose may 
be measured directly in the reaction mixtures as follows. To 1 
ml. of reaction mixture are added in order 0.6 ml. of 20 per cent 
phosphotungstic acid, 0.2 ml. of perchloric acid, and 0.2 ml. of 
water. The phosphotungstic acid precipitates adenosylmethio- 
nine (11) and methylthioadenosine (17), whereas methylthio- 
ribose remains in solution and is measured by the nitroprusside 
test. 


RESULTS AND DISCUSSION 


After incubation of S-adenosylmethionine with cell-free ex- 
tracts of A. aerogenes, aliquots of the reaction mixtures were 
placed on paper chromatograms for analysis of the decomposi- 
tion products. Adenine and much smaller amounts of hypoxan- 
thine were the only free purine compounds formed. The only 
sulfur-containing product was methylthioribose. Homoserine 
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and a-amino-y-butyrolactone (homoserine lactone) were the only 
amino acid decomposition products. 

Formation of a-Amino-y-butyrolactone—The isolation and iden- 
tification of a-amino-y-butyrolactone as a product of the chemi- 
cal hydrolysis of S-adenosyl-1-methionine has been observed by 
Parks and Schlenk (18). a-Amino-y-butyrolactone is formed 
from S-adenosyl-1-methionine by extracts of A. aerogenes. 
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Fig. 1. The formation of methylthioribose from S-adenosyl]-L 
methionine (O) and methylthioadenosine (A) as a function o-. 
time. 10 ml. of each reaction mixture contained 80 zmoles of sub 
strate and 50 mg. of protein of Aerobacter aerogenes extract, and 
were incubated at 35° in 0.1 m phosphate buffer, pH 6.8. 1 ml. sam- 
ples were removed every 30 minutes for the determination of meth- 
ylthioribose. 





TABLE I 


Enzymatic decomposition of S-adenosylmethionine 
and methylthioadenosine* 











Reaction products 
hor wad 
o S-Ade- |Methyl- 
substrate mf thie. Adeno- | 4 deni .-s Homo- 
methio- | adeno- | sine aan fal serine 
nine sine 
S-Adenosyl-t- 
methionine....| 9.4 7.56 | 0.1 | 0 2.0 | 1.9 | 2.0 
S-Adenosyl-p- 
methionine....| 9.3 8.8 | —t |} —t | —t | 0.4 | —f 
Methylthio- 
adenosine..... 8.1 0 0 0 8.2 | 8.0 | 0 
Adenosine.......| 8.3 0 0 5.8 | 2.6 | 0 0 


























* All quantities are expressed as wmoles per 2 ml. of reaction 
mixture. The mixtures contained 10 mg. protein of Aerobacter 
aerogenes extract and were incubated for 3 hours at 35° in 0.1m 
phosphate buffer, pH 6.8. 

+t Not determined; see text. 
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S-adenosy]-L-methionine 


| 


Methylthioadenosine + a-amino-y-butyrolactone 


n| III | (Nonenzymatic) 
Adenine + methylthioribose Homoserine 


ScHEME 1 


Identical reaction mixtures with homoserine as substrate failed 
to yield detectable amounts of the lactone during a period of 5 
hours. The identity of this enzymatic product was determined 
by comparing it with a sample of a-amino-y-butyrolactone. It 
seems that the enzymatic formation of the latter compound pre- 
cedes the formation of homoserine. Furthermore, pure a-amino- 
y-butyrolactone is converted to homoserine at virtually the same 
rate with or without the presence of a crude enzyme mixture. 
Consequently, the actual enzymatic product resulting from the 
4-carbon amino acid moiety of S-adenosyl-t-methionine is ap- 
parently a-amino-y-butyrolactone, which is converted to homo- 
serine by a nonenzymatic process. 

Decomposition of Methylthioadenosine—Along with the forma- 
tion of a-amino-y-butyrolactone, one would expect methyl- 
thioadenosine. However, only traces of this compound are 
found during the enzymatic decomposition of S-adenosyl-1- 
methionine, but adenine and methylthioribose accumulate. A 
comparison of the rate of formation of methylthioribose from 
S-adenosyl-1-methionine and methylthioadenosine is illustrated 
in Fig. 1. It is obvious that methylthioadenosine is decomposed 
much more rapidly than is S-adenosyl-t-methionine (about 6 
times faster). Under identical conditions methylthioadenosine 
is converted quantitatively to methylthioribose in 2.5 hours, 
whereas only 25 per cent of S-adenosyl-t-methionine is decom- 
posed to the same product. Thus it is clear that methylthio- 
adenosine is decomposed as rapidly as it is formed from S-adeno- 
syl-t-methionine. 

Comparison of Reactions—A comparison of the reaction prod- 
ucts formed from S-adenosylmethionine, methylthioadenosine 
and adenosine is given in Table I. For each substrate a control 
was prepared as described earlier. The homoserine figure repre- 
sents the value obtained from the combined eluates of a-amino- 
-butyrolactone and homoserine. It is interesting to note that 
methylthioadenosine is more rapidly decomposed than adeno- 
sine, suggesting that different nucleosidases are involved. It is 
again clear that methylthioadenosine is much more rapidly de- 
composed than S-adenosyl-t-methionine. Thus the enzymatic 
decomposition of S-adenosyl-t-methionine may be described as 
illustrated in Scheme 1. 

Under these conditions, homoserine, adenine, and methylthio- 
ribose are not metabolized and accumulate as end products of the 
reaction. With fresh preparations of enzyme, adenine is de- 
aminated to hypoxanthine. Since Reaction II proceeds much 
faster than Reaction I, the concentration of methylthioribose 
may be used as a convenient measure of the rate of decomposi- 
tion of S-adenosyl-1-methionine. 

The reaction is stereospecific in that only S-adenosy]-L-methio- 
nine serves as a substrate. The amount of methylthioribose 
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produced from S-adenosyl-p-methionine (Table I) is equivalent 
to the amount of L-isomer present in the preparations of S-adeno- 
syl-p-methionine (10). 

Extracts of A. aerogenes that have been dialyzed for 24 hours 
against 0.01 m phosphate buffer pH 6.8, retain full activity in 
the enzymatic decomposition of S-adenosyl-t-methionine and 
methylthioadenosine. Heating the crude extract for 5 minutes 
at 80° results in inactivation of both enzymes. However, when 
this extract is heated at 70° for 2 minutes, Reaction II is de- 
creased sufficiently so that methylthioadenosine can be identified 
qualitatively as a product of Reaction I. 

Cell-free extracts of Escherichia coli Ki2 and Saccharomyces 
cerevisiae have been shown to possess adenosylmethionine-homo- 
cysteine transmethylases (2). These extracts also show activity 
in the decomposition of the methyl donor. However, less than 
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10 per cent of S-adenosyl-t-methionine is decomposed under 
these conditions, whereas with extracts of A. aerogenes at least 
25 per cent of the compound is destroyed in 3 hours’ incubation 
at 35° in the presence of 8 umoles of the substrate. 


SUMMARY 


The enzymatic decomposition of S-adenosyl-t-methionine by 
cell-free extracts of Aerobacter aerogenes involves at least two 
enzymatic reactions. The first step is the formation of methyl- 
thioadenosine and a-amino-y-butyrolactone. The second step 
is the rapid decomposition of methylthioadenosine to adenine 
and methylthioribose. 


Acknowledgment—The technical assistance of Mrs. 8. Stanford 
is gratefully acknowledged. 
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Improved methods for growing animal cells in culture have 
led to their wide use as a tool in a variety of disciplines in biology. 
Cultures from many different anatomical origins are available 
and purification of several of them has been effected by the 
method of single clone isolation (1). 

The exact nature of the cultured cells and their relationship 
to the organ of their origin is, however, unknown. The problem 
in identification arises from several causes: the general absence 
of instructive histological characteristics; the absence of func- 
tional characteristics, for example, the synthesis of hormones; 
and the fact that the organ is comprised of several different 
kinds of cells, any one of which might become predominant upon 
cultivation. 

Since qualitative and striking quantitative differences in 
enzyme activity levels exist among the organs of a mammal, the 
possibility was investigated that estimation of enzyme activities 
might lead to an insight into the origin and nature of mammalian 
cells in culture. The levels of some activities in several different 
human cell cultures are presented in this report. 


MATERIALS AND METHODS 


Materials—The cell cultures used were as presented in Table 
I. The growth medium contained the amino acids, inorganic 
salts, glucose, and antibiotics suggested by Healy et al. (4), the 
vitamin mixture of Eagle (5), and 15 per cent beef serum. 

Growth of Cultures and Preparation of Cell-Free Extracts— 
Cultures were grown on glass surfaces; the medium was changed 
twice weekly. When maximum growth was approached, the 
cells were harvested by scraping with a rubber policeman and 
washed three times with a solution containing NaCl (0.14 m), 
KCl (0.03 m), CaCl, (0.001 m), and MgCl. (0.001 m). Cell-free 
extracts were prepared by sonic vibration as previously de- 
scribed (6). 

Kidney cortex tissue cultures were prepared from 4 week-old 
rabbits following dispersion of the cells with trypsin (7). The 
cultures were grown in a lactalbumin enzymatic hydrolysate 
(8), 10 per cent beef serum medium, and the medium was 
changed twice weekly. Some of the cultures were harvested 
after a period of rapid growth when the sheets of cells were 


* This investigation was supported by a research grant from 
the National Institutes of Health, United States Public Health 
Service. 

1 Appendix was obtained from the Carver Foundation, Tuske- 
gee Institute, Alabama; HeLa was generously provided by Dr. 
J. E. Salk; and liver and lung were kindly supplied by Dr. T. T. 
Puck and Dr. 8. J. Cieciura. All the cells studied have an epi- 
thelial-like morphology. 


almost confluent (7 days old); the remainder, after a period of 
essentially no growth (22 days old).2 The cells were detached 
from the glass with trypsin (0.1 per cent) and cell-free extracts 
were prepared in the manner described for the cell cultures. 

Determinations—Spectrophotometric measurements were made 
in a Beckman model DU spectrophotometer, titrimetric measure- 
ments, with a Beckman model G pH meter. o-Phosphate was 
determined by the method of Fiske and SubbaRow (9), protein 
by the procedure of Lowry et al. (10). 

Enzyme Assays—Under the conditions of each assay, the 
extent of reaction was proportional to the amount of enzyme 
preparation. The optimal pH range for each reaction was 
ascertained with extracts of one of the cultures (Appendix A1) 
only. No attempt was made to add substrate in concentrations 
which would ensure a maximum reaction rate. A unit of enzyme 
is defined as the amount causing the removal of 1 umole of 
substrate or yielding 1 umole of product, per hour, and specific 
activity is expressed as units per mg. of protein. 

The substrate used for the estimation of acid (pH 4.5) and 
alkaline phosphatase (pH 9.4) was p-nitrophenyl phosphate. 
After the addition of Na,CO; (final concentration 0.25 m), 
hydrolysis was measured spectrophotometrically by the increase 
in optical density at 420 my. The millimolar extinction co- 
efficient of p-nitrophenol, under these conditions, was taken to 
be 14.0. Adenosine deaminase, diphosphopyridine nucleotide- 
cleaving activities, diphosphopyridine nucleotide cytochrome c 
reductase, glucose-6-phosphate dehydrogenase, and lactic de- 
hydrogenase were estimated spectrophotometrically as previously 
described. (6). 

B-Glucosidase was measured spectrophotometrically (420 
my) using o-nitrophenyl 8-D-glucoside as substrate. The 
millimolar extinction coefficient of o-nitrophenol in NasCO; 
solution (0.25 mM) was taken to be 4.6. 6-Glucuronidase was 
assayed with phenolpthalein 6-glucuronide (11) as substrate. 
Hydrolysis of the glucuronide was estimated spectrophoto- 
metrically (550 my) in alkalinized reaction mixtures (0.25 m 
Na2CO;) and the millimolar extinction coefficient of phenol- 
pthalein was taken to be 26.6 (11). 

Catalase activity was measured spectrophotometrically (12) 
by the decrease in optical density at 240 mu. The millimolar 
extinction coefficient of HO. was taken to be 0.05. Esterase 
was assayed with tributyrin as substrate. Homogeneous 
suspensions of tributyrin in water were freshly prepared by sonic 


2 After the formation of a confluent sheet, single-cell thick, mul- 
tiplication appeared to cease, but the cells maintained a healthy 
appearance. No evidence of death and regrowth of cells was 
apparent. 
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TaBLeE I 
Cell cultures 
Culture Clene Origin Reference 
Appendix . Ai Normal human appendix (1) 
meee... ... Human cervical carcinoma (2) 
Liver..... L2 Normal human liver (1) 
Cee E2 Normal human lung (fetal) (3) 
vibration for 5 minutes in a Raytheon 10 ke. oscillator. Butyric 


acid formation was estimated titrimetrically. 

Glucose-6-phosphatase was assayed with twice Spinco-sedi- 
mented material obtained from extracts of the cell cultures (6). 
Glucose-6-phosphate hydrolysis was estimated by the liberation 
of o-phosphate. Rhodanese was determined by the spectro- 
photometric estimation (420 mz) of sodium thiocyanate (13). 
The millimolar extinction coefficient of thiocyanate was taken to 
be 2.8. Xanthine oxidase was assayed with hypoxanthine as 
substrate. The oxidation of hypoxanthine was estimated 
spectrophotometrically at 283 my (14). 


RESULTS 


Enzyme Activity Levels in Various Cell Cultures—The levels of 
various enzyme activities in cell-free extracts of four cultures of 
human origin were studied (Table II). As illustrated in the 
table, the levels are strikingly similar. The relatively slight 
dissimilarities, however, were repeatedly observed. 

Enzyme Activity Levels in Rabbit Kidney and Rabbit Kidney 
Tissue Culture—To compare the enzyme activity levels of 


Tas_e II 
Enzyme activity levels in various cell cultures 


The origin of the cell cultures, the preparation of extracts, and 
the assay methods were described in “Materials and Methods.” 

















Cell culture 
Enzyme activity 
Appendix | HeLa | Liver Lung 
u 
Specific activity units per mg. 
protein 

Acid phosphatase*........... 4.3 | 5.4 5.9 4.1 
Adenosine deaminase........ 0.52 0.47 0.54, 0.55 
Eee 0.00 | 0.00 0.00; 0.00 
8-Glucuronidase............. 0.12 | 0.10| 0.11) 0.06 
IR ica ctslerin acura ewe 800 | 680 1200 770 
Diphosphopyridine nucleo- 

tide cleaving. ............. 0.05| 0.05| 0.05] 0.08 
Diphosphopyridine nucleo- | 

tide cytochrome c reduc- 

Arrieta i eo rene 2.3 2.5 2.5 2.2 
CN oth oie ate ban Fos 5.1 2.2 6.1 3.8 
Glucose-6-phosphatase....... 0.0 | 0.0 
Glucose-6-phosphate dehy- 

GIES a evden ssir ks 5 3's 11 10 15 15 
Lactic dehydrogenase....... 51 74 47 55 
ee See | 3.1 2.4 4.5 4.2 
Xanthine oxidase........... | 0.00 | 0.00 0.00, 0.00 











*The enzymatic hydrolysis of p-nitrophenyl phosphate at 
higher pH values was also measured. Although phosphatase 
activity was observed at pH 9.4 (about 20 per cent of the activity 
at pH 4.5), no peak of activity was found. 
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TaB_e III 


Comparison of enzyme activity levels in rabbit kidney cortez cells 
and tissue culture prepared from them 
The preparation of the tissue culture, cell-free extracts, and 
the enzyme assay methods were described in “Materials and 
Methods.” 








| Cell-free preparation 
| 
| 


Kidney | * 


ane 


Activity Kidney tissue culture 








| 7 days old | 22 days old 





Specific activity units per mg. protein 


Acid phosphatase...... 3.2 | 2.8 | 3.5 


Alkaline phosphatase . .| 6.8 6.8 0.34* 0.21 
B8-Glucosidase......... 0.22! 0.17 | 0.00 0.00 
8-Glucuronidase....... 0. ‘ 0.01 | 0.03 
Catalase...............|12,400 14,000 | 450 450 
| ee 2 | 23 | 18 
Glucose-6-phosphate | 
dehydrogenase...... 0.98 0.66) 2.7 | 
Rhodanese............ 45 | 3 6] «12 ~=|~=«(10 





* The enzymatic hydrolysis observed with the tissue culture 
extract at an alkaline pH may be a function of acid phosphatase 
activity. 


initially cultured cells (7 and 22 day-old cultures) with those of 
the original organ, tissue cultures were prepared from rabbit 
kidney cortex cells which had been dispersed with trypsin. For 
comparison, a cell-free extract of the dispersed cells, washed free 
of trypsin, was also studied. Although little or no change in 
enzyme activity levels resulted from the trypsinization pro- 
cedure, the levels of many of the activities in the cultured cells 
were markedly different from those in the original tissue (Table 
III). 


DISCUSSION 


The ability to cultivate and isolate animal cells would appear 
to provide a powerful tool for the study of many important 
problems, including the comparison of normal and neoplastic 
cells, comparative cellular enzymology, and the effect on different 
cells of a variety of chemical and physical agents. For some 
purposes it would be desirable, and for others clearly necessary, 
to relate cultured cells to a specific cell or type of cell in the 
animal. It was hoped that a survey of some of the enzyme 
activity levels of cell cultures might throw some light on their 
origin. 

A study of four human cell cultures (appendix, HeLa, liver, 
and lung) has demonstrated, however, an unexpected, marked 
similarity in their enzyme activity levels. This is indeed 
different from the situation in the whole animal where enzyme 
activity levels in various organs and tissues show relatively 
large variations (15). 

Several possibilities may be considered to explain the observed 
similarities in the enzyme acivity levels studied. First, the 
cell cultures examined may be descendants of the same cell or 
similar cells which have a propensity for growth in vitro. Sec- 
ond, the cultures may be derived from different cells but con- 
tinuous selection of mutants best suited for growth in vitro 
eventually yields cells with similar levels of activity, for at least 
the enzymes studied. Finally, the cell cultures may be derived 
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from different cells, but a nongenetic “dedifferentiation” results 
from rapid growth or the absence of chemical interplay between 
different kinds of cells. 

Attempts were made to “redifferentiate” two of the cultures 
(appendix and lung) by altering the growth medium. Thus, 
the filtered, bovine serum which had been stored frozen for 
several weeks was replaced in the growth medium with un- 
filtered human serum prepared from freshly drawn blood, and 
the medium was changed daily. No detectable changes in 
enzyme activity levels occurred after growth in the human 
serum medium for 1, 2, or 4 days. Similarly, growth in the 
presence of one of several hormones’ had no detectable effect. 

More information appears to have been provided by a com- 
parison of some enzyme activity levels in rabbit kidney cortex 
with those of tissue cultures prepared from it. Impressive 
differences were found in several of the activities studied and in 
each instance the changes with the cultured cells were in the 
direction of the levels encountered with the cell lines. No 
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return towards the activity levels of the kidney occurred in 
cultured cells during a period of little or no multiplication. 

These findings would appear to weaken any consideration of 
mutation and selection to explain the similar enzyme activity 
levels encountered with the cell cultures. They do not, however, 
distinguish between the other possibilities: first, cultures obtained 
from various anatomical sites are descendants of the same or 
closely related cells, and second, growth in vitro leads to a rapid, 
nongenetic loss of specialized functions. 


SUMMARY 


1. The levels of several enzyme activities were studied in 
cell-free preparations of four human cell cultures, appendix, 
HeLa, liver, and lung. A marked similarity in the levels was 
found. 

2. A comparison of several enzyme activity levels in rabbit 
kidney cortex and in tissue cultures derived from it, contrariwise, 
showed relatively large differences. 
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A Protein Growth Factor for Mammalian Cells in Culture* 
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The amino acid and vitamin requirements of mammalian 
cells in culture have been carefully defined in the studies of 
Eagle and coworkers (1) who supplemented their medium with 
5 per cent dialyzed serum. Knowledge concerning the growth 
requirements satisfied by the serum is completely lacking. 

In a preliminary report (2), evidence was presented for the 
protein nature of one of the serum growth factors. Partially 
purified from bovine serum, the factor has several marked effects 
upon mammalian cells in culture (appendix Al’): (a) it causes 
adherence of cells to a glass surface; (b) only in its presence cells 
assume a flattened, epithelial-like appearance; and (c) it stimu- 
lates cell multiplication. More recently, Fisher et al. (5), work- 
ing independently with a different cell culture, HeLa 83, have 
reported some of these effects. 

The purpose of this report is to describe the purification and 
properties of the protein growth factor. 


MATERIALS AND METHODS 


Culture Methods—Cells were grown on glass surfaces in a 
medium containing the amino acids, inorganic salts, glucose, 
and antibiotics suggested by Healy et al. (6), plus the vitamin 
mixture of Eagle (1), and 15 per cent bovine serum. 

Materials—Pooled beef serum was prepared from blood pro- 
cured at a slaughterhouse. The serum was obtained by cen- 
trifugation (3°) 2 to 3 hours after the blood was drawn, and it 
was stored at —20°. No variations were noted in the activity 
of different batches of serum, nor was there a detectable loss in 
activity over a 6 month period. Human serum and serum from 
laboratory animals were prepared in a similar manner. 

Pancreatic trypsin (1:250) and peptone (Bacto-peptone) 
were obtained from the Difco Laboratories, Inc., crystalline 
trypsin and pepsin from the Worthington Biochemical Corpora- 
tion, and erystalline soy bean trypsin inhibitor from the Nutri- 
tional Biochemicals Corporation. Poly-t-lysine (about 30 
residues) was a product of the Mann Research Laboratories. 
A sample of highly purified salmine sulfate was a gift from Dr. 
W. R. Carroll, pancreatic elastase (80 to 90 per cent pure) was 
prepared by Warner-Chilcott Laboratories, and crystalline 
bovine plasma albumin was obtained from the Armour Labora- 
tories. Diethylaminoethyl-cellulose was a product of the Brown 
Company. t-ethionine and pt-p-fluorphenylalanine were ob- 
tained from the Nutritional Biochemicals Corporation, pL-5- 
methyltryptophane from the Sigma Chemical Company. 


* This investigation was supported by a research grant from 
the National Institutes of Health, United States Public Health 
Service. 

1 Appendix Al is a single clone isolate obtained in Dr. Puck’s 
laboratory (3) from a culture derived from normal human appen- 
dix by Dr. Chang (4). 


Determinations—Cell counts were made with Levy counting 
chambers. Hexose and hexosamine were estimated according 
to the procedures described by Winzler (7), and sialic acid was 
measured directly with Ehrlich’s reagent (8). Protein was 
estimated by the method of Lowry et al. (9). Radioactivity 
measurements were made with a gas flow counter after drying 
the samples in stainless steel dishes. pH determinations were 
carried out with a Beckman model G pH meter. With cold 
solutions, the temperature dial was set at 10°. 

Assay of Protein Factor—The protein factor was estimated by 
determining the lowest concentration of test solution which 
caused appendix A1 cells to adhere to a glass surface and induced 
the attached cells to assume a flattened, epithelial-like shape. 
Unless otherwise indicated, the medium used in the assay pro- 
cedure was the growth medium minus serum. 

The cells were harvested from cultures approaching maximal 
growth by scraping the culture bottle with a rubber spatula. 
After two washes by centrifugation, they were incubated for 20 
minutes (37°) in growth medium minus serum containing 0.025 per 
cent trypsin,? and were again twice washed. 1 ml. aliquots of a 
suspension of the trypsinized cells (1 to 2 10° cells per ml.) 
were then placed in test tubes (16 X 125 mm., fitted with rubber- 
lined, plastic, serew tops) which had previously received various 
amounts of the test solutions (up to 0.1 ml.).4 Control tubes 
containing only the cell suspension, and others with varying 
amounts of serum, were also prepared. When more purified 
protein fractions (chromatographic fraction, see “‘Results’’) were 
tested, trypsin inhibitor (1 wg. per ml.) was added to the cell 
suspension immediately before dispensation. Whereas no dif- 
ferences were noted with the cruder fractions, with the more 
purified ones 2- to 4-fold increases in activity resulted from 
addition of the inhibitor. At the levels tested (1 to 20 ug. per 
ml.), trypsin inhibitor alone had no effect upon the cells. 

The assay tubes were incubated at 37° in an almost horizontal 
position (the liquid extended about 4 cm. from the bottom of the 
tube) and were examined after 14 to 16 hours. Adherence to 
the glass surface was routinely estimated by macroscopic visuali- 
zation and occasionally by counting the attached cells after 
detachment with a rubber spatula. Flattening was visualized 
microscopically (Fig. 1) and, in general, was closely correlated 
with the ability of the cell population to adhere to the glass 
surface. 

Estimation of protein factor activity was, for the most part, 
reproducible within the limits of error (about 30 per cent) of the 


2 Similar, but less reproducible results were obtained when 
nontrypsinized cells were used in the assay procedure. 

’ Although the test solutions were not treated to free them from 
microorganisms, no difficulty with microbial contamination was 
encountered. 
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Fic. 1. Microscopic appearance of cells. 
pared and incubated according to the standard assay procedure. 
Upper, no protein factor; center, 1 unit; lower, 2 units. 
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The cells were pre- 
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assay. In occasional assays greater variations were found. 
Corrections, however, could be readily made using the serum 
controls since the variations invariably affected all the test 
fractions equally. 

A unit of activity is defined as the smallest amount which 
induces attachment and flattening of about half the cells in the 
assay mixture, and specific activity is expressed as units per mg. 
of protein. 


RESULTS 


Purification of Protein Factor 


Fractionation procedures were carried out at 0-3° unless 
otherwise indicated. 

Precipitation with Ammonium Sulfate—To 960 ml. of beef 
serum 960 ml. of water followed by 420 gm. of ammonium sul- 
fate were added with stirring. After 10 minutes, the precipitate 
was discarded by centrifugation and an additional 186 gm. of 
ammonium sulfate were added to the supernatant fluid. The 
precipitate, collected after 10 minutes, was dissolved in water 
to a final volume of 480 ml. and dialyzed against several changes 
of a solution of NaCl (0.05 m) and glycine buffer (0.005 m, pH 
7.6) for 24 hours (ammonium sulfate fraction, Table I). 

Precipitation with Ethanol Fraction I—To the dialyzed am- 
monium sulfate fraction 480 ml. of sodium acetate buffer (0.1 M, 
pH 5.0) were added with stirring, and the small amount of 
insoluble material which formed was discarded by centrifuga- 
tion. The clear supernatant fluid was immediately cooled to 
—1° in an alchohol-ice mixture, and 154 ml. of 95 per cent 
ethanol (—5°) were added at a rate which allowed the tempera- 
ture to rise to 2°. The precipitate was obtained by centrifuga- 
tion (in a room temperature kept at 3°) in precooled (—5°) 
Servall type SS-1 centrifuges and was dissolved in glycine buffer 
(0.05 m, pH 8.5) to a final volume of 480 ml. (ethanol fraction 
I, Table I). 

Precipitation with Ethanol Fraction II]—Following addition 
of 24 ml. of sodium acetate buffer (1 mM, pH 6.0), the ethanol 
fraction I was adjusted to pH 6.2 (acetic acid or NaOH, each 
1 m), and the solution was cooled to —1° in an alcohol-ice 
mixture. During an interval of about 20 minutes, 580 ml. 
of 25 per cent ethanol were added while the temperature was 
allowed to fall to —5°. After 5 minutes, the precipitate was 
discarded by centrifugation in Servall type SS-1 centrifuges 
kept at a room temperature of —5°. To the supernatant 
fluid was now added a volume (about 500 ml.) of the Reagent 
I‘ of Cohn et al. (10) which was sufficient to lower the pH to 5.5. 
Collected by centrifugation after 15 minutes, the precipitate 
was dissolved to a final volume of 80 ml. in glycine buffer (0.05 
M, PH 8.5) and adjusted to pH 7 (1 m NaOH) (ethanol fraction 
II, Table I). 

Chromatography on Diethylaminoethyl-cellulose—After dialysis 
(48 hours) against sodium phosphate buffer (0.01 m, pH 7.1), 
the ethanol fraction II was applied to a column of diethyl- 
aminoethyl-cellulose (Type 20, 57 gm. of adsorbent, height 
14 em., diameter 6.7 cm.) according to the procedure of Sober 
et al. (11). Inert protein was eluted (15 to 20 ml. per minute) 


* Reagent I contains 250 ml. of 95 per cent ethanol and 2.5 ml. 
of sodium acetate buffer (0.81/2, pH 4.0) per liter. pH determina- 
tions were made at room temperature, as described by Cohn 
et al. (10). 
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with 760 ml. of a solution of 0.025 m sodium phosphate (pH 
7.1)-0.05 m sodium chloride, followed by 450 ml. of a solution 
containing an increased concentration of NaCl (0.075 M). 
Gradient elution was then established toward 0.025 m sodium 
phosphate (pH 7.1)-0.2 m sodium chloride with a 4 liter mixing 
chamber. 

The growth factor, recognized by the standard assay procedure, 
did not appear as a discrete peak. Rather, it was eluted as a 
broad plateau between 2150 and 3550 ml. of eluent. Fractions 
with the highest specific activities were combined, dialyzed 
against water, and concentrated by lyophilization. The 
residue, dissolved in water and exhaustively dialyzed against 
sodium phosphate buffer (0.01 m, pH 7.1), had a final volume 
of 28 ml. (chromatographic fraction, Table I). 

Ultracentrifugal Analysis—Examination of the chromato- 
graphic fraction in the analytical ultracentrifuge (Spinco model E) 
showed three major peaks. The fastest moving fraction (about 
35 per cent of the total material as estimated by the area under 
the peak) sedimented at a rate consistent with a molecular 
weight of about 1 million, and it was inactive. Of the two 
remaining major components (about 60 per cent of the total 
material), the activity appeared to reside in the slower moving 
one. Thus, complete sedimentation of all but the slowest 
moving fraction provided a supernatant fluid containing 64 
per cent of the recovered activity as estimated in the standard 
assay procedure (total recovery was 71 per cent), and the 
specific activities of the supernatant solution and sediment 
were 2100 and 705, respectively. On the other hand, when 
the slowest moving component (about 20 per cent of the total 
material) was, in addition, completely sedimented, 92 per cent 
of the recovered activity (total recovery was 87 per cent) was 
present in the sediment. The sedimentation constant of the 
active component is consistent with a molecular weight of 
40,000 to 50,000. 


Properties of Protein Factor 


Nature of Protein—It is likely that the protein growth factor 
is a glycoprotein. Purification was accompanied by a marked 
enrichment of carbohydrate, and the ethanol fraction II and 
the chromatographic fraction (Table I) both appear to be com- 
prised mainly, or entirely, of glycoprotein. Thus, the per- 
centage content of hexose,® hexosamine, and sialic acid of the 
chromatographic fraction was 5.3, 4.6, and 5.7, respectively. 
In addition, further purification by ultracentrifugation (see 
above) led to an increased sialic acid content, t.e. 6.3 per cent. 

Effect of Heat and Proteolytic Enzymes—The heat stability 
of the factor appears to be related to the ionic strength of its 
solvent. Thus, with the protein (chromatographic fraction, 
Table I) dissolved in 0.15 m NaCl (pH 7), after heating at 60° 
(10 minutes), 70° (10 minutes) and 100° (5 minutes), the re- 
coveries of activity were 50, 10, and less than 10 per cent, 
respectively. On the other hand, when the same fraction was 
dissolved in water (pH 7), less than 50 per cent of the activity 
was destroyed by heating at 100° for 10 minutes. 


5 To free it from contaminants from the cellulose column which 
might interfere with the estimation of hexose, an aliquot of the 
chromatographic fraction was dialyzed against sodium acetate 
buffer (0.01 m, pH 5), and the precipitate (containing all the pro- 
tein factor) was washed with the same buffer solution. Diethyl- 
aminoethylcellulose (up to 10 mg.) did not react in the color tests 
for hexosamine and sialic acid. 
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Fraction | “or Total units | He! pmred 

mil. meg arom bt 
I oss cheeses 960 1,728,000 | 62,400 27.7 
Ammonium sulfate...... 480 | 960,000 8,640 lll 
RRS 480 | 624,000 | 3,018 | 207 
MM nc ccc ee ces 80 | 520,000 1,440 361 
Chromatographic. ..... 28 | 100,000 86.8 1152 





To test the effect of trypsin, 62 ug. of protein (chromatographic 
fraction, Table 1) were incubated for 60 minutes (37°, pH 7.2) 
with 3 yg. of the crystalline enzyme. The assay, carried out 
in the presence of trypsin inhibitor (see ‘Materials and Meth- 
ods”), revealed a complete loss of activity. No loss resulted 
from incubation in the absence of trypsin, nor was the trypsin- 
treated sample inhibitory. The effect of pepsin was tested 
in the same manner except that the pH of the incubation mix- 
ture was adjusted to 3.0, and after incubation, the proteolytic 
enzyme was destroyed by heating (80°, 10 minutes) at pH 7. 
The results were similar to those obtained with trypsin. 

Other Cells*—Several other cell cultures, heart (12), HeLa 
(13), lung E2 (14), and “altered” kidney (15), were tested to 
determine whether they would respond to the protein factor. 
Under the conditions of the assay, the epithelial-like cells, 
heart, HeLa, and lung behaved similarly to appendix Al except 
that few of the glass-attached lung cells became flattened (about 
20 per cent), even with relatively large concentrations of the 
protein factor (8 units per ml.). Contrariwise, the fibroblast- 
like “altered” kidney cells showed no protein requirerhent for 
attachment to a glass surface. 

Cellulose Nitrate Surface—To determine whether the protein 
factor can induce attachment and flattening of cells on a surface 
other than glass, cellulose nitrate tubes were used. In an 
assay with 137,000 cells per tube, with no protein addition, 
and with 1 and 2 units of protein factor (chromatographic 
fraction, Table I), 8,000, 67,000, and 116,000 cells were attached 
to the plastic surface, respectively. As with a glass surface, 
the cells became flattened only in the presence of the factor. 


Activity of Various Sera 


Other sera tested in the standard assay, i.e. human, guinea 
pig, rabbit, rat, and fetal calf, also possessed protein factor 
activity. The levels of activity in several individuals of two 
of the serum sources, adult humans and fetal calves, were care- 
fully measured and were found to be indistinguishable from 
the level in beef serum. 

Furthermore, the solubility characteristics of the human 
serum activity were essentially the same as the bovine one. 
Thus, the specific activities of the human serum fractions com- 
pared to the bovine serum fractions, respectively, were as fol- 


6‘ The heart (normal monkey) and HeLa (human cervical car- 
cinoma) cultures were generously provided by Dr. J. E. Salk; 
the lung (human fetal) culture was kindly supplied by Dr. T. T. 
Puck and Dr. 8. J. Cieciura; and the kidney (‘‘altered’”’ monkey) 
culture was obtained through the kindness of Dr. L. Siminovitch 
and Dr. R. C. Parker. 








TaBLeE II 
Growth with the protein factor 

The appendix Al cells had been kept for 2 days in a medium 
containing protein factor (ethanol fraction II, 120 ug. per ml.) 
and peptone (0.1 ml. of a 5 per cent solution per ml.) in place of 
serum.* They were harvested by scraping with a rubber spatula 
and were washed once by centrifugation. 0.5 ml. aliquots of the 
cell suspension (50,000 cells) were placed in T-flasks containing 
2.0 ml. of the synthetic growth medium supplemented with 
protein factor (chromatographic fraction, Table I), peptone 
(as above), crystalline bovine plasma albumin (2.5 mg.), and bo- 
vine serum as indicated. Of the supplements, only the peptone 
solution had been sterilized (autoclaved 15 minutes, 15 pounds 
pressure). Growth was estimated by counting with a Levy count- 
ing chamber after incubation for 110 hours at 37°. 











Additions 
Number of cellst 
Protein factor Serum Peptone Albumin 
ug. protein/ml. 
+ + 55,000 
12.4 ~ + 49,000 
2.5 + + 106,000 
5.0 + + 187,000 
7.4 + + 237 ,000 
12.4 + + 239, 000 
12.4 + - 84,000 
130 + + 55,000 
260 + + 95,000 
520 a + 149,000 
780 + + 222,000 
1300 - _ 80,000 
2600 = - 154,000 
5200 - - 256 , 000 

















*This procedure did not exercise any selection pressure. 
However, more consistent results, with serum as well as with other 
supplements, were obtained with cells treated in this manner. 

t Cell numbers represent the total cells present, attached or 
floating in the medium. Nuclear counts made by a modification 
of the method of Sanford et al. (16) were in excellent agreement 
with the cell counts. 


lows: ammonium sulfate, 127 and 111; ethanol fraction I, 238 
and 206; and ethanol fraction II, 458 and 351. 

To determine whether altered activity levels are characteristi- 
cally associated with any chronic disease process, sera from 35 
hospital patients’ (including several with malignant tumors) 
were also studied in the standard assay. The levels were re- 
markably constant, with two minor exceptions. One serum 
contained about twice (diabetes), the other, half (diabetes, 
cirrhosis), the activity of the other sera. 


Cell Multiplication 


The effect of the protein factor on multiplication of the 
appendix Al cell is shown in Table II. As shown in the table, 
the protein is not the only growth factor provided by serum, 
and in addition to albumin, one or more heat-stable, dialyzable 
(2) compounds, present in peptone, are also required. The 
requirement for the heat-stable compounds could not be satisfied 


7 The authors are indebted to Dr. J. D. Myers and Dr. H. D. 
Davis for blood from hospital patients and for their diagnoses, 
and to Dr. W. J. Kuhns for human blood from normal subjects. 
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by the coenzyme-rich supplementary mixture of Sato et al. 
(17), by a mixture of vitamins A, Biz, E, and K, or by a mixture 
of long chain fatty acids (arachidonate, linoleate, and linolenate), 

To compare the growth-promoting activity of the purified 
protein with serum, cell multiplication with serum-peptone 
mixtures was also studied. As can be seen from the table, 
with small amounts of serum, peptone causes a marked en- 
hancement of growth. On a protein basis, however, the purified 
factor was about 100 times as potent as serum. 

In spite of the comparable yields of cells obtained with serum 
and with the purified factor, there can be little doubt that serum 
contains still unknown growth-enhancing compounds not present 
in peptone. Indicative is the slow growth rate on continued 
cultivation of cells in the serum-free medium. 


Mechanism of Action 


Requirements for Activity—For attachment to a glass surface 
and flattening no requirement for added amino acids or vitamins 
was evidenced by the trypsinized appendix Al cells. To 
study the effect of other components of the growth medium, 
a simple medium was prepared from which various components 
could be readily omitted. The simple medium contained only 
the inorganic salts, glucose, cysteine, and antibiotics of the 
growth medium. 

Omission of inorganic phosphate from the simple medium, 
SO,", or HCO;- (glycylglycine buffer was used), had no effect 
upon the response of the cells to the protein factor, but Mg*+ 
or Ca++ was essential. In the absence of added glucose, the 
cells initially adhered to the glass surface but became detached 
after several hours. 

Metabolic Activities—To determine whether the role played 
by the protein factor involves phosphate metabolism, cells 
were incubated (14 hours) with and without the factor in simple 
medium containing inorganic P® and no added nonradioactive 
phosphate. Essentially all the cells attached to the glass sur- 
face, and they assumed an epithelioid form only in the presence 
of the factor. However, the washed celis of each group contained 
similar amounts of radioactivity, 45 per cent (without factor) 
and 34 per cent (with factor) of the added counts. Similar 
results were found with C-labeled glucose. 

No evidence could be obtained for the involvement of protein 
synthesis. Thus, after incubation (22 hours) in simple medium 
containing C'-L-aspartate, rounded, nonattached cells con- 
tained the same number of counts as the flattened, glass-at- 
tached ones, approximately 5 per cent of the added radioactivity. 

The effect of three amino acid analogues, L-ethionine, pL-5- 
methyltryptophane, and pt-p-fluorphenylalanine on the at- 
tachment of cells in simple medium was tudied as a function 
of time (Table III). As shown in the table, the initial attach- 
ment (1.5 hours) of the trypsinized cells was not prevented by 
the analogues. With two of them, p-fluorphenylalanine and 
5-methyltryptophane, some of the cells later became detached. 

Examination of the cells for flattening at 3.5 hours revealed 
only slight inhibition by two of the analogues and a greater, 
but not complete, inhibition by the third analogue, i.e. fluor- 
phenylalanine. Comparison with the control cells at 18 hours 
yielded the following picture: essentially no effect with ethionine, 
a marked but far from complete inhibition by methyltrypto- 
phane, and an almost complete absence of flattening with the 
tyrosine analogue. 
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The same experiment performed with cells that had been 
exposed to trypsin for a longer time (40 minutes) yielded identical 
results except that the initiation of flattening was delayed, and 
at 3.5 hours p-fluorphenylalanine had not yet caused detach- 
ment of any cells. 

Preincubation—Following incubation (up to 90 minutes) 
of trypsinized or nontrypsinized cells in growth medium con- 
taining the protein factor, no loss of activity could be detected 
in the supernatant fluid. The cells, removed from the prein- 
cubation medium by centrifugation, were able to attach to a 
glass surface only upon the addition of protein factor or the 
supernatant preincubation fluid. 

Other Compounds—A variety of serum proteins including 
albumin, y-globulin, and three glycoproteins* (18) from the 
supernatant fluid of Fraction V of Cohn et al. (19) had no protein 
factor activity. Low concentrations of two basic peptides, 
salmine sulfate and poly-t-lysine (about 2 wg. per ml.) and 
higher concentrations of elastase (20 ug. per ml., isoelectric 
point 9.5 (20)), however, induced glass attachment. In 
addition, although the extent was less than with protein factor, 
flattening of the attached cells occurred, particularly with 
the synthetic compound. With regard to cell multiplication, 
none of the compounds was effective. 

Other compounds with basic groups were tested, L-lysine 
(0.001 m), L-arginine (0.001 m), lysozyme (33 yg. per ml., iso- 
electric point = 10.5 (21)), aminoguanidine (0.002 m), ethyl- 
enediamine (0.001 m), and the various isomers of phenylenedi- 
amine (0.001 m). None was active or inhibitory. 

Time—Attachment to a glass surface as a function of time 
was studied with the procedure of the standard assay except 
that 0.5 ml. aliquots of cell suspension were used and the tubes 
were incubated horizontally to provide a thin liquid layer. 
After incubation (37°), the tubes were gently shaken, and un- 
attached cells were discarded. In an experiment with 300,000 
cells and 4 units of protein factor, the number of attached cells 
after 5, 10 and 20 minutes was 4,000, 30,000 and 89,000, respec- 
tively. In the absence of the factor, the comparable values 
were 2,000, 4,000 and 1,000. 

With salmine, an even more rapid reaction with the cells 
could be demonstrated. Thus, when cells suspended in a 
salmine solution (8 ug. per ml.) were immediately brought 
into contact with a glass surface by gentle centrifugation, 
attachment occurred. Under the same conditions, when the 
salmine was omitted or replaced with protein factor, the cells 
did not attach. 


DISCUSSION 


The appendix Al cell, like many or all animal cells in culture, 
can be readily detached from a glass surface by exposure for 
several minutes to low concentrations of either crystalline trypsin 
or Versene (ethylenediaminetetracetate). The activity of these 
unrelated agents suggests that a surface protein and a poly- 
valent cation are intimately related to the process of attach- 
ment. From the phenomena induced by the protein factor, 
adherence of cells to a glass surface and their assumption of 
an epithelioid form, it would seem likely that the factor plays 
an important role in the synthesis or maintenance of the surface 
protein or is itself the surface protein. 

Induction of the same phenomena by several basic peptides 


§ Kindly supplied by Dr. K. Schmid. 


I. Lieberman and P. Ove 
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TaB.e III 
Effect of amino acid analogues 


The trypsinized appendix Al cells were prepared as described 
for the standard assay (see ‘Materials and Methods’’) except that 
they were washed and suspended in simple medium.* 1 ml. ali- 
quots of the suspension (150,000 cells per ml.) were added to tubes 
containing 1 umole of L-ethionine or 2 uwmoles of one of the pL 
analogues. The protein factor (4 units of ethanol fraction II, 
Table I) was added last. Controls with no protein factor or no 
amino acid analogue were also prepared. Incubation (37°) was 
for the times indicated. 




















Hours of incubation 
Analogue 
1.5 3.5 18 
%t % % 
meas 2 100 100 100 
pL-5-Methyltryptophane....... 100 100 72 
pDL-p-Fluorphenylalanine...... 100 76 17 





* The simple medium contained only the inorganic salts, glu- 
cose, cysteine, and antibiotics of the growth medium. 

t Percentage of attached cells. In the absence of protein 
factor, 2 to 3 per cent of the cells attached to the glass surface. 
The values represent the per cent of attached cells related to con- 
trols containing protein factor and no amino acid analogue. 


strongly suggests that attachment and flattening involve the 
conversion of a net negatively charged cell surface to a posi- 
tively charged one. With at least one of the basic peptides, 
salmine, the rapidity of its action makes it appear likely that 
the altered charge results simply from adsorption of the peptide 
onto the cell surface, rather than by a more indirect mechanism. 
As might be anticipated, attachment with the basic peptides, 
unlike that with the protein factor, does not appear to involve a 
polyvalent cation. Thus, while such cells may be detached by 
trypsin, even after long exposure to high concentrations of 
Versene, no effect was observable (0.01 m Versene, 60 minutes; 
10~* m Versene detached protein factor-attached cells in less 
than 5 minutes). It would appear that the basic peptides 
substitute for both the surface protein and the cation by forming 
a positively charged bridge from the negatively charged cell to 
the negatively charged glass. 

Only weak evidence has been found to indicate that the pro- 
tein factor is identical with the surface protein, yet it remains 
the most attractive possibility. The relative rapidity of its 
action, its apparent lack of effect on cellular metabolism, and 
its action in the presence of inhibitors of protein synthesis 
are in agreement with a direct action on the cell surface. The 
role of the divalent cation may be to form positively charged 
bridges from the cell to one end of the protein factor and from 
its other end to the negatively charged surface. 

The mechanism by which the factor provides the cell with 
conditions conducive to the assumption of an epithelioid shape 
is not known. Whatever the mechanism of its action, there 
can be no doubt that the factor confers upon the appendix 
Al cell, and probably upon other cultured cells as well, surface 
properties requisite for prolonged survival and multiplication. 
It would be of great interest indeed to know what role the protein 
factor plays in vivo. 

The findings of Fisher et al. (5) have led them to conclude 
that fetuin, a glycoprotein present in relatively enormous con- 
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centration in fetal calf serum (about 45 per cent of the serum 
protein (22, 23)), has protein factor activity. However, results 
that will be reported later by the present authors indicate that 
fetuin can be separated from the protein factor by chromatog- 
raphy on a diethylaminoethyl-cellulose column. 


SUMMARY 


1. A protein growth factor for a human cell in culture (ap- 
pendix Al) has been purified about 40-fold from bovine serum. 
The assay used to follow the purification depends upon two 
marked effects of the growth factor: it causes adherence of 
the cells to a glass surface, and only in its presence do cells 
assume a flattened, epithelial-like shape. 
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2. Human serum and the serum of various other animals 
were also active. Ina preliminary study with sera from hospital 
patients no useful correlation was found between the level of 
activity and a specific disease condition. 

3. For cell multiplication, in addition to the protein factor 
and albumin, serum provides one or more unidentified heat- 
stable, dialyzable compounds. 

4. A possible mechanism of action of the protein factor is 
discussed. 


Acknowledgment—The authors gratefully acknowledge the 
generous help and instruction of Dr. Francois Lamy in the use 
of the analytical ultracentrifuge. 
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It has been reported previously (1) that pyrophosphate was 
capable of disaggregating the ribonucleoprotein particles asso- 
ciated with rat liver microsomes. By repeated centrifugation 
of microsomes in the presence of increasing concentrations of 
PP, a number or nucleoprotein fractions were obtained in the 
supernatant fluids. Some aspects of the chemical and physical 
properties of these fractions have been described (1, 2). In this 
paper we wish to report on studies concerning the incorporation 
in vitro and in vivo of labeled amino acids into the protein com- 
ponents of these fractions as well as the results of preliminary 
studies on the metabolic activity of their associated RNA moie- 
ties. These studies were centered upon the initial and early 
stages of amino acid and P*®-incorporation. 


EXPERIMENTAL 


Materials and Methods 


The C"-amino acids, P®-inorganic phosphate and other sub- 
strates for incorporation experiments in vitro were of the same 
origin as those used in previous communications (2, 3). The 
preparation of microsomes for incorporation experiments in vitro 
and the determination of radioactivity have been described (2, 
3) as well as the procedures used for the estimation of total and 
inorganic phosphate, soluble and microsomal protein, and RNA. 

Incorporation in Vivo of C'*-Labeled Amino Acids—The tech- 
nique used for the incorporation studies in vivo reported here 
have been described in the preceding communication (2). 

Fractionation of Labeled Microsomes—All operations were car- 
ried out at 0-4°. Excised livers (5 to 6 gm. each) were deposited 
in 30 to 40 volumes of ice-cold 0.25 mM sucrose. The livers were 
blotted, trimmed, weighed, and homogenized in 3 volumes of 
cold 0.25 m sucrose in a Potter-Elvehjem homogenizer. The 
homogenate was centrifuged at 15,000 X g for 10 minutes at 0° 
and the pellet was discarded. The supernatant fluid was centri- 
fuged at 40,000 r.p.m. (Spinco preparative centrifuge, rotor No. 
40) for 60 minutes. The microsomal pellet was homogenized 


* This work was supported in part by grants from the National 
Institute of Neurological Diseases and Blindness (Grant No. 
B-226) of the National Institutes of Health, U. 8. Public Health 
Service, and by a contract between the Office of Naval Research 
and the New York State Psychiatric Institute. 

+ Present address, Western Reserve University School of Medi- 
cine, Department of Physiology, Cleveland, Ohio. 

1 The abbreviations used are: PP, pyrophosphate; GDP, guano- 
sine diphosphate; Tris, tris(hydroxymethyl)aminomethane; and 
EDTA, ethylenediaminetetraacetate. 


and suspended in 0.25 m sucrose-0.01 m NaCl (7 to 9 mg. of pro- 
tein per ml.) and recentrifuged at 40,000 r.p.m. for 60 minutes. 
The washed microsomes were suspended in a total volume of 25 
ml. of cold 0.25 m sucrose-0.001 m PP, pH 7.5. Aliquots were 
removed and microsomal protein was rapidly estimated turbidi- 
metrically by the potassium ferrocyanide-acetic acid procedure® 
(4). The turbidity determinations were standardized against 
values obtained according to Lowry et al. (5). Subsequently 
aliquots of microsome suspension were added to solutions of 0.25 
M sucrose-0.001 m PP to give a final concentration of about 3.5 
to 4.0 mg. of protein per ml. These suspensions were centri- 
fuged at 40,000 r.p.m. for 45 minutes. The supernatant fluid 
(Fraction M1) was decanted and the surface of the pellet rinsed 
with 0.25 m sucrose and the tube drained and blotted. The pel- 
let was suspended in the same volume (about 12 ml.) of 0.25 m 
sucrose-0.01 m PP and centrifuged at 40,000 r.p.m. for 45 min- 
utes. The supernatant fluid (Fraction M2) was decanted and 
the pellet rinsed, suspended in 0.25 m sucrose-0.1 m PP and 
treated as above to give a supernatant Fraction M3 and a final 
pellet, RM. Small aliquots were removed from each fraction 
for protein determinations (5) and the remainder was used for 
assay of radioactivity and RNA analysis. 

Incorporation in Vivo of P®-Inorganic Phosphate into RNA 
Fractions—Adult male rats (fasted 18 to 20 hours) were treated 
by injection with carrier-free P®-inorganic phosphate (0.6 mc. 
per 200 gm. of body weight) into the tail vein. Usually 2 to 3 
rats weighing about 200 gm. were used for each experiment. 
When the desired time had elapsed after the completion of the 
injection,’ the rats were decapitated, bled, and the livers quickly 
excised and placed in ice-cold 0.25 mM sucrose. The subsequent 
preparation and fractionation of washed microsomes with solu- 
tions of varying PP concentrations were identical with the pro- 
cedure outlined above. 50 per cent trichloroacetic acid was 
added to all fractions at 0-4° to give a final concentration of 
about 5 per cent acid. The trichloroacetic acid-precipitated 
material was centrifuged in the cold (International refrigerated 
centrifuge, high speed attachment) and subsequently washed 


2 Although there are other microsomal constituents insoluble in 
acid, such as RNA, etc., the procedure was rapid and also accurate 
enough so that the microsomal protein concentration could be kept 
within the required range. 

* The incorporation time was defined in the same way as for the 
C'-amino acid incorporation experiments (i.e. the time elapsed 
between the end of the injection and the moment when each ex- 
cised liver entered a solution of ice-cold 0.25 m sucrose). 
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three times with cold 5 per cent acid, twice with 95 per cent 
ethanol, twice with ethanol-chloroform ether mixture (2:1:2), 
and finally with ether. Each dried pellet was suspended in 10 
per cent NaCl-1 xX 10-* m phosphate buffer, pH 7.5, and RNA 
was extracted at 100° as described by Davidson and Smellie (6). 
Enough 5 n NaOH was added to the NaCl extracts so that the 
final concentration of NaOH was 0.3 n. After 16 to 20 hours 
at 30°, the RNA hydrolysates containing from 0.5 to 10 mg. of 
total nucleotides were adjusted to about pH 1.0 with 6 n H;PQ,. 
The nucleotides were adsorbed quantitatively onto Nuchar C 
(West Virginia Pulp and Paper Company) (0.2 to 0.5 gm., spe- 
cially treated) and the column was washed with several hundred 
volumes of 0.1 mM H;PO,, and then water. Subsequently, the 
nucleotides were eluted with 200 to 300 ml. of ethanol-H,0-28 
per cent NH; (1.5:2:3), and the eluates taken down in a vacuum 
to a small volume. Suitable aliquots were applied to Whatman 
No. 3MM filter paper and the four nucleotides were separated by 
paper ionophoresis according to Markham and Smith (7), eluted 
(0.1 m HCl), estimated spectrophotometrically (8), and counted. 
All samples were corrected for decay. 

Preparation of Charcoal—The charcoal used in the experi- 
ments described above was prepared in the following manner: 
Nuchar C was suspended in 6 n HCl, permitted to stand over- 
night, filtered, and washed with water. The charcoal was re- 
suspended in 0.01 m EDTA, pH 7.0, stirred for 1 to 2 hours, 
filtered and washed with water. Treatment of the Nuchar C 
with EDTA eliminated the sizable amounts of salt-like material 
usually eluted from the columns by the ethanolic-ammonia. 
Finally, the charcoal was treated with 0.1 per cent stearic acid 
according to Synge and Tiselius (9), washed with several hundred 
volumes of ethanol, ethanol-water-ammonia eluant, and then 
water. Unless the charcoal was partially inactivated by stearic 
acid, considerable irreversible absorption of nucleotides occurred, 
and especially uridylic acid. The small amounts of stearic acid 
which sometimes accompanied the nucleotide-containing eluates 
were easily removed by ether extraction (pH 3.0 to 4.0). 


TasLeE I 
Protein and RNA distribution in microsome fractions 














é Complete microsome fractiont 
Fraction* rrr ee RNA$: protein 
Protein RNA 
M % % 
MI 0.001 10 + 0.4 13 + 1.7 | 0.110 + 0.020 
M2 0.010 22 + 3.1 | 45 + 4.6 | 0.250 + 0.010 
M3 0.100 720.8 | 27 + 2.0 | 0.350 + 0.020 
RM 61 + 4.3 15 + 4.5 | 0.024 + 0.005 














* See ‘“‘Experimental”’ section for conditions. 

¢t Concentration of PP in centrifugation medium. 

¢ Average values for nine experiments + standard deviation, 
expressed as the per cent of protein or RNA of the total recovered 
protein or RNA. The total recovery of protein in all the frac- 
tions are compared with the amount of microsomal (protein) 
starting material determined before the first PP centrifugation. 
The protein recoveries ranged from 90 to 100 per cent. The 
RNA totals are compared with the estimated RNA determined 
on a separate aliquot of unfractionated microsomes. Here the 
recoveries are consistently less (85 to 95 per cent). 

§ The original washed microsomes gave an average value of 
0.12. 
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RESULTS 


Fractionation of Microsomes—The procedure for the fractiona- 
tion of microsomes with increasing PP concentrations was rapid 
and reproducible provided that a number of critical variables 
were controlled. These included the use of washed microsomes 
as starting material, and the careful control of microsome and 
PP concentrations, as well as temperature, pH, and centrifuga- 
tion speed and time. As criteria of reproducibility the distribu- 
tion of protein and RNA (Table I) and incorporated radioac- 
tivity were taken. The percentage of protein obtained in each 
fraction fell within a relatively narrow range. Similar patterns 
of protein distribution were obtained with livers from rats sac- 
rificed by decapitation prior to the removal of the liver or from 
anesthetized animals upon which laparotomies had been per- 
formed. The RNA values, however, were somewhat more vari- 
able with respect to both the total content and distribution in 
the fractions. This may be a consequence of the physiological 
state of the animal (10, 11) and/or the reported labilization of 
the RNA of microsomes which have been disrupted (12). 

It can be seen (Table I) that the residual pellet material (Frac- 
tion RM) consisting mainly of the membranous elements of 
microsomes still contained about 15 per cent of the RNA of 
unfractionated microsomes. Further centrifugation of this ma- 
terial in the presence of either 0.01 m EDTA, pH 7.0, 1.0 um 
NaCl, or sodium deoxycholate did not yield fractions markedly 
different from each other with respect to RNA content or specific 
radioactivity. 

Incorporation in Vivo of C''-Leucine into Microsome Protein 
Fractions—The above described microsome fractions obtained 
from livers removed from animals shortly after the administra- 
tion of a small dose of C'-leucine showed markedly different 
rates of amino acid incorporation. Although, for any single 
time point, the specific activity of the protein of any one frac- 
tion showed considerable variation when compared to the same 
fraction from another animal, a comparison of the ratios of the 
activities of the protein fractions gave excellent agreement. In 
Fig. 1 the ratios of the specific activity of each fraction over the 
specific activity of whole washed microsomes are plotted against 
incorporation time (cf. (12)). It is apparent that at the earliest 
time measured (45 to 60 seconds) only Fraction M2 showed an 
activity greater than whole microsomal protein. The specific 
activity of M2 protein was about twice that of whole microsomes 
and about three to four times higher than the least active frac- 
tion (M1). The specific activity of Fraction M2 declined rapidly 
and within the next 2 minutes fell below the activity of whole 
microsomes. During this time Fraction RM showed a parallel 
rise in activity, leveling off after about 4 minutes and then de- 
clining. The other microsome fractions, M1 and M3, showed a 
slow continuous decrease in specific activity relative to whole 
microsomes during the time interval studied (1 to 6 minutes). 
Also shown in Fig. 1 is the relative activity of the soluble cell 
protein fraction which showed a steady increase. 

Of some interest was the observation (for amino acid incorpora- 
tion experiments both in vivo and in vitro) that the sum of the 
total activities of all the microsome fractions was about 80 per 
cent of the total activity (c.p.m. per mg. x total mg.) of the 
whole washed microsome fraction. The nature of this “la- 


bilized” or unrecovered radioactivity is presently under investi- 
gation. 
Incorporation in Vivo of P®-Inorganic Phosphate into RNA 
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Fractions—Because of the presumed relationship between RNA 
and protein synthesis‘ experiments were designed to investigate 
the rate of incorporation of P*-inorganic phosphate into the 
RNA’s associated with the microsome fractions described above. 
In Table II are given the specific activities of the four nucleo- 
tides obtained from the RNA of each fraction 1 hour after the 
intravenous administration of isotope. Also included are the 
nucleotide activities of the RNA associated with the soluble 
cell fraction. For any one fraction, the specific activity of ade- 
nylic acid was about two to three times that of any other nucleo- 
tide (cf. (14)). A comparison of the microsomal RNA’s showed 
the following order of specific activities: M1 > M2 > M3, 
RM; the latter two being about equal. 

Davidson and Smellie (15) have demonstrated the presence of 
phosphorus containing contaminants of high specific activity 
which accompanies the ribonucleotide fraction obtained by the 
Schmidt-Thannhauser procedure (16). They were able to ob- 
tain a more accurate picture of the specific activities of the ribo- 
nucleotides by using a method which involved precipitation of 
salt extracted RNA with ethanol and subsequent ionophoresis of 
the RNA hydrolysate. We have observed, however, that etha- 
nol does not always precipitate the extracted RNA quantitatively 
from solution (cf. (11)). In order to avoid the possibility of 
further fractionation of the RNA, the alkaline hydrolysis was 
carried out in the original NaCl extract; the nucleotides were 
separated from salt and other contaminants by adsorption onto 
charcoal, eluted and subsequently isolated by ionophoresis (7). 
Although the specific activity data reported here are considered 
reliable the composition of the RNA’s are not presented, because 
of the difficulty encountered in quantitatively eluting the nucleo- 
tides (especially uridylic acid) from even partially inactivated 
charcoal. 

Incorporation in Vitro of C'*-Leucine into Microsome Protein 
Fractions—It was of considerable interest to compare and at- 
tempt to relate the incorporating systems in vivo with those in 
vitro. Therefore, C'*-leucine was incubated with a cell-free mi- 
crosome-supernatant protein system under standard conditions 
(see legend, Fig. 2) and at suitable time intervals, aliquots were 
removed for the isolation and fractionation of the labeled micro- 
somes. It can be seen (Fig. 2) that the initial incorporation of 
C'-leucine was about four to six times higher in Fraction M2 
than in the other microsome protein fractions. After about 6 
minutes, the incorporation into this fraction appeared to cease 
abruptly and subsequently showed a significant decrease in spe- 
cific activity. However, even after 15 minutes, the specific ac- 
tivity of M2 protein was still about three to five times higher 
than any of the other microsome fractions. It will be recalled 
that the analogous experiments in vivo also showed the highest 
initial labeling in Fraction M2 within the first 2 minutes. 
Thereafter, the specific activity of M2 protein fell considerably 
below that of Fraction RM. 

In the system in vitro (Fig. 2) the specific activity of Fractions 
M1 and RM appeared to level off after about 3 and 6 minutes, 
respectively. The protein of Fraction M3 showed a slow per- 
ceptible rise in specific activity during the first 10 minutes. If 
the soluble cell fraction was brought to pH 5.0, a precipitate was 
obtained which contained over 95 per cent of the total RNA and 
whose protein moiety had a specific activity about 8 to 10 times 
that of the protein soluble at pH 5.0. 


4 For a recent review on this subject see (13). 
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Fig. 1. The time course of labeling of protein fractions of rat 
liver after the injection of a small dose of u-leucine-C™ (0.05 
umole, 0.6 ue., in 0.2 ml. of 0.9 per cent NaCl per 250 gm. of body 
weight). The radioactivity is expressed as the ratio of the specific 
activity of each fraction to that of the whole microsome protein 
which ranged in activity from 260 to 1285 c.p.m. at infinite thick- 
ness. (O) M1; (@) M2; (A) M3; (CO) RM; (xX) 8 (soluble pro- 
tein fraction). 


It should also be noted that in this experiment the total ac- 
tivity (the sum of total c.p.m. in all fractions) did not change sig- 
nificantly between 6 and 15 minutes. Apparently, then, the ob- 
served changes in activity after 6 minutes was probably a result 
of redistribution of protein between fractions during further in- 
cubation. Similar results were obtained in experiments where 
the period of active incorporation was extended for longer times 
(10 to 20 minutes). In order to investigate this phenomenon 
during the early period of active incorporation, the following 
experiment was performed. C"-leucine was incubated with a 
microsome-supernatant protein-ATP generating system (see 
legend, Fig. 3) at 37°. After 2 minutes of active incorporation 
the incubation mixture was poured into ice-cold sucrose contain- 
ing excess nonisotopic leucine and the microsomes were sedi- 
mented at 40,000 r.p.m. for 1 hour. The microsomes were re- 
suspended in sucrose. To three identical aliquots were added 
buffer, salts, unlabeled supernatant protein, and C"-leucine. 
These were kept at 0° (No. 1), and at 37° (No. 2 and No. 8). 
Tube No. 3 contained, in addition, an ATP-generating system. 
After 10 minutes, the incubation mixtures were centrifuged, each 
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TaBLE II 
Incorporation in vivo of P**-inorganic 
phosphate into RNA fractions* 
bay (~~ Specific activities of nucleotide 
Fraction 
Protein RNA Adenylic | Guanylic | Cytidylic | Uridylic 
% % c.p.m./pmole 

Ml 10 ll 410 | 286 276 120 
M2 21 50 161 87 134 88 
M3 7 23 89 76 70 47 
RM 62 16 95 57 68 60 
St 2667 1695 2100 900 














* Incorporation time, 1 hour. 

¢ Soluble cell fraction obtained by centrifugation of original 
homogenate (freed of nuclei and mitochondria) at 105,000 x g 
for 1 hour. 

Tissue inorganic phosphate, 143,000 c.p.m./umole. 


furnishing a microsomal pellet and a supernatant protein frac- 
tion. Each pellet was fractionated as described previously. 
In Fig. 3 are given the total activity and mg. of RNA in each 
fraction obtained under the three experimental conditions. It 
can be seen that, relative to the control (0°), incubation at 37° 
did not greatly affect the distribution of activity or RNA in the 
fractions. However, in the presence of an ATP-generating sys- 
tem some marked changes were evident in both the radioactivity 
and RNA contained in these fractions. Under the latter con- 
ditions, Fraction M2 lost about 60 per cent of its radioactivity 
and about 40 per cent of its RNA. All of the other fractions 
except M8 gained counts, with the soluble fraction and M1 show- 
ing the largest total and percentage increase. In all cases the 
gain or loss of radioactivity was paralleled by a gain or loss in 
RNA. That this comparison is justified is clear from the balance 
data for this experiment, given in Table III, which shows that 
there has been no essential over-all change in the total activity 
or RNA of the complete fractions. In this same experiment the 
leucine-labeled microsomes which were used for reincubation 
were also shown to be capable of further incorporation of C¥- 
amino acids. Incubation of C™-lysine with an aliquot of micro- 
somes under standard conditions gave an incorporation (above 
the leucine already incorporated, 0.027 umole per gm. of protein) 
equivalent to about 0.1 umole of lysine per gm. of protein during 
the 10 minute incubation period. 


DISCUSSION 


The incorporation of C-amino acids into the protein of cell- 
free preparations has been studied with a number of enzyme 
systems from a variety of microbial and mammalian sources. 
In the system described by Zamecnik, Keller and their collabora- 
tors (17-19) and recently by ourselves (3) (lyophilized prepara- 
tions), a labeled amino acid is incubated at suitable temperature 
and pH with rat liver microsomes, a supernatant protein frac- 
tion, an ATP-generating system, and Mg and K ions; and the 
rate or extent of incorporation of label into trichloroacetic acid- 
precipitated protein (which has been washed with cold and hot 
acid and lipide solvents, etc.) was measured. It is apparent 
that this protein containing the C'-amino acid presumably in 
peptide linkage (20) represents the end product of an unknown 
number and series of reactions. The nature of these inter- 
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mediate steps is also, at present, obscure. Notable attempts to 
bridge this gap have been made by Hoagland et al. (18, 21) and 
others (22) who have offered evidence implicating amino acid 
activating enzymes in the early stages of amino acid incorpora- 
tion. Also available are data concerning the nature of the reac- 
tion product. Littlefield et al. (23) have shown that the primary 
incorporation of labeled amino acids probably occur in the nu- 
cleoprotein particles associated with microsomes. Their isola- 
tion procedure consisted of treating labeled microsomes with 
sodium deoxycholate which disrupts and solubilizes the mem- 
branous component leaving nucleoprotein macromolecules (24) 
which can be sedimented in the ultracentrifuge. More recently, 
a number of other studies on the fractionation of labeled micro- 
somes have also appeared (12, 25, 26). 
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Fic. 2. The time course of incorporation of C'*-leucine in vitro 
into microsomal fractions from rat liver. The incubation mixture 
contained per ml. of microsomes, 13 mg. of protein (prepared from a 
1:2 homogenate of rat liver in 0.25 m sucrose) ; supernatant protein, 
6.0 mg.; 0.03 m Tris buffer, pH 7.5; phosphocreatine, sodium salt, 
0.02 m; ATP, potassium salt, 0.001 m; ATP-creatine transphos- 
phorylase, 14 units; KCl, 0.06 m; MgCl., 0.005 m; GSH, 0.025 ; 
GDP, 1 X 10-5 M; t-leucine-C", 1 X 10° c.p.m./mg. at infinite 
thickness); temperature = 37°. Protein and additions equi- 
librated separately and mixed at zero time. At the time indicated 
4.0 ml. aliquots were removed from the incubation mixture and 
added to about 8.0 ml. of 0.25 m sucrose solution (at 0°) containing 
2.0 mg. of nonisotopic L-leucine. All of these aliquots were main- 
tained at 0° until the last aliquot was removed (15 minute point) 
and the microsomes were then isolated and fractionated for each 
time point as previously described (see ‘‘Methods’’). Data ex- 
pressed as c.p.m. at infinite thickness of fractions (x) M1; (O) 
M2; (@) M3; (0) RM; supernatant protein fractions not shown 
gave at 1, 3, 6, 10, and 15 minutes, 5, 20, 58, 64, 66 c.p.m., respec- 
tively. 
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150 TaB.e III 
Balance studies on labeled, reincubated microsomes 
” 
E Total fractions 
= Incubation medium Temperature 
= 100 + ° Total RNA 
oO N c p.m. 
a <= N Salts,* Pr me 
“aie r S N a 1. Salts,* superna- 
< © z N z tant protein... 0 255 4.5 
© 50+ N a 2. Same as/....... 37 254 4.4 
be \ o 4%. Same as /, plus 
N € ATP generat- 
ing systemf... 37 268 4.6 
0 \ . N S Ih 0.0 See legend, Fig. 3, for experimental conditions. 





Ss Mi M2 M3 RM 


Fig. 3. Redistribution of radioactivity and RNA among micro- 
some and supernatant protein fractions starting with microsomes 
labeled in vitro. Thick bars represent total counts, thinner bars 
represent total mg. of RNA in each fraction obtained from labeled 
microsomes maintained at 0°, No. 1; and reincubated at 37° with- 
out, No. 2, and in the presence of an ATP-generating system, 
No. 8. No.1 (0° control) contained, per ml.: labeled microsomes, 
10 to 11 mg. of protein; unlabeled supernatant protein, 6.0 mg.; 
Tris buffer, pH 7.5, 0.03 m; KCl, 0.06 m; MgCl, 0.005 m; GSH, 
0.025 m; sodium phosphate buffer, pH 7.5, 0.02 M; nonisotopic 
L-leucine, 1 X 10-*m. No. 2 contained exactly the same compo- 
nents as No. 1. No. 8 had the same components as Nos. 1 and No. 2 
except for the sodium phosphate and contained in addition GDP, 
1 X 10-5 m; ATP, 1 X 10°? Mm; phosphocreatine, sodium salt, 0.02 
m; and ATP-creatine transphosphorylase, 14 units. Nos. 2 and 3 
were incubated for 10 minutes at 37°; No. 1 was kept at 0°. 4 ml. 
portions from each vessel were used for reisolation and fractiona- 
tion of microsomes. The labeled microsomes which were used in 
the above experiment were prepared by incubating t-leucine C' 
with microsomes, supernatant protein, and the standard additions 
(described in the legend, Fig. 2) at 37° for 2 minutes. The reac- 
tion was stopped by pouring the reaction mixture into 2 volumes 
of ice-cold 0.25 m sucrose-leucine solution (see legend, Fig. 2) and 
the labeled microsomes were isolated by centrifugation at 40,000 
r.p.m. for 1 hour at 0°. These microsomes were used for the above 
experiments; one separate aliquot was also added to trichloro- 
acetic acid immediately, and another aliquot of the same leucine- 
labeled microsomes reincubated with L-lysine-C™ under standard 
conditions for incorporation. 


During the course of studies on the mechanism of PP inhibi- 
tion of amino acid incorporation we were provided with a useful 
and convenient tool for the fractionation of microsomes and 
especially their associated nucleoprotein particles. In the proce- 
dure outlined the ability of PP to disaggregate the microsomal 
RNA-rich particles has been utilized to obtain several nucleo- 
protein fractions, including a fraction (RM) containing about 15 
per cent of the original RNA and consisting essentially of the 
membranous components of microsomes. These fractions were 
distinct with respect to their chemical composition (protein 
and RNA content) and the metabolic activities of their protein 
and RNA moieties. It should be apparent, however, that each 
of these fractions still, unquestionably, consists of a heterogene- 
ous population of protein and RNA molecules. Despite this 
limitation, the studies reported here have provided an approach 
and information pertaining to the nature and products of the 
amino acid-incorporating system of rat liver microsomes. 

The necessity and desirability of comparing and attempting 


* Same as No. 1, Fig. 3. 
t Same as No. 3, Fig. 3. 


to relate the process in vitro with the process in vivo for amino 
acid incorporation is readily apparent (cf. (12, 23)). The incor- 
poration experiments in vivo (using small isotopic doses) have 
shown the high initial labeling of one major nucleoprotein frac- 
tion (M2) within the first few minutes. The specific activity 
of this fraction (relative to the whole microsome fraction) sub- 
sequently declined rapidly. Whereas the radioactivity of the 
other PP fractions (M1, M3) always remained below that of 
the whole microsomes, Fraction RM showed a striking rise in 
activity during this period of rapid decline in specific activity 
of Fraction M2. However, if one makes the reasonable assump- 
tion that the initial incorporation of labeled amino acid occurs 
only into nucleoprotein then it follows that at the earliest time 
interval measured most of the radioactivity of Fraction RM 
would be found in the residual nucleoprotein not removed by 
the PP fractionation. On this basis a simple calculation® would 
predict that the nucleoprotein of Fraction RM would actually 
have an initial rate of labeling several-fold above that observed 
with the most active fraction (M2). For these experiments it 
would perhaps be more valid to compare the rates of amino acid 
incorporation into nucleoprotein (with similar RNA to protein 
ratios). So far, a number of procedures (see ‘“Experimental’’ 
and (2)) applied to Fraction RM have failed to separate an RNA- 
rich protein fraction from the protein comprising the membra- 
nous components of microsomes. These latter fractionation 
experiments would suggest an intimate relationship and/or bind- 
ing of this residual nucleoprotein with the lipoprotein structures, 
conceivably, forming the matrix upon which the basophilic par- 
ticles of microsomes are built. It may also be noted that the 
pattern of labeling reported here is essentially consistent with 
the studies of Littlefield et al. (23) on the incorporation of C™- 
leucine into deoxycholate-insoluble (nucleoprotein) and deoxy- 
cholate-soluble (membranous component) fractions of micro- 
somes. Here too, the deoxycholate-soluble fraction contains a 
small amount of nucleoprotein and the same considerations 
would apply (also cf. (27)) as discussed above for Fraction RM. 
The apparent differences (especially in the time relationships) 
between the rat liver system and the results of studies on amino 
acid incorporation into microsome fractions of guinea pig liver 


5 Assuming that at the earliest time the measured radioactivity 
resides in nucleoprotein which contains about 30 per cent RNA 
and which is diluted by all other protein present in the fraction. 
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(12) may be due to differences in fractionation procedures and/or 
the experimental animals used. 

It was considered of some interest and importance to investi- 
gate the nature and metabolic activities of the RNA associated 
with the microsomal fractions previously studied with respect 
to amino acid incorporation. Although the experiments reported 
here on the incorporation of P®-inorganic phosphate into RNA 
fractions are considered preliminary, the results confirm the 
essential metabolic heterogeneity of cytoplasmic RNA (ef. (28)). 
Further conclusions or conjecture on the relationship between 
RNA and protein synthesis would be premature in the absence 
of more homogeneous nucleoprotein fractions and more detailed 
kinetic studies. 

Simkin (29) has briefly reported on the results of studies in 
vitro and in vivo on amino acid incorporation into subfractions of 
guinea pig liver microsomes. They indicate that the pattern of 
incorporation found in vitro differed markedly from that previ- 
ously established in vivo (12). Analogous experiments reported 
here with rat liver microsomes are not entirely consistent with 
the conclusions of Simkin (29) and others. Fractionation of 
rat liver microsomes labeled in vitro have revealed the strikingly 
more rapid incorporation of C'-leucine into Fraction M2 than 
any of the other microsome fractions. In this respect the re- 
sults obtained in vitro clearly resemble the labeling pattern ob- 
served during the first minute of amino acid incorporation in 
vivo. After the first few minutes, however, the patterns in vitro 
and in vivo would appear to diverge considerably. Whereas the 
system in vivo showed a subsequent and rapid rise in the activity 
of Fraction RM (probably equivalent to the lipoprotein-rich, 
deoxycholate-soluble fraction of Littlefield et al. (23)), the specific 
activity of Fraction RM in vitro leveled off far below that of 
Fraction M2. The available data which indicate that amino 
acid incorporation in vitro occurs solely into nucleoprotein would 
suggest that the incorporation in vitro may represent a limited 
number of steps in the over-all processes of protein synthesis 
occurring in the intact animal. Of some interest in this con- 
nection are the results of experiments in vitro concerning the 
redistribution of RNA and radioactive protein among the micro- 
some fractions during incubation. Thus, it has been shown that 
after incubation in the presence of an ATP-generating system 
considerable counts (and RNA) originally present in Fraction 
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M2 subsequently appear mainly in Fraction M1 and in the soluble 
fraction. This redistribution represents an outward movement 
(or solubilization) of the labeled nucleoprotein of Fraction M2. 
The ATP-generating system may conceivably function as an 
energy donor for the enzymic liberation of PP. It may be 
relevant that such enzymic processes described by Kenney et al. 
(30) and Elliott (31) have also been localized in the microsome 
fraction of rat liver homogenates. It is suggested that these 
model experiments may represent a mechanism whereby essen- 
tially self-contained microsome structures regulate and release 
newly synthesized protein molecules. 


SUMMARY 


The ability of pyrophosphate to disaggregate the microsomal 
ribonucleic acid (RNA)-rich particles has been utilized to ob- 
tain several nucleoprotein fractions plus a residual microsome 
fraction (RM) containing about 15 per cent of the original RNA 
and consisting essentially of the membranous components of 
microsomes. These fractions were distinct with respect to their 
chemical composition (protein and RNA content) and the 
metabolic activities of their protein and RNA moieties. The 
rates of incorporation of C'*-leucine into the protein of these 
fractions were compared in vivo and in vitro. The results ob- 
tained in vitro clearly resemble the labeling pattern observed 
during the first minute of amino acid incorporation in vivo. 
The redistribution of RNA and protein labeled in vitro among 
the microsome fractions was studied. In the presence of an 
ATP-generating system considerable counts and RNA originally 
present in the most active fraction (M2) subsequently appeared 
mainly in Fraction M1 and in the soluble fraction. This redistri- 
bution represented an outward movement (or passage into solu- 
tion) of the labeled nucleoprotein of Fraction M2. 

Preliminary experiments on the incorporation in vivo of P*- 
inorganic phosphate into the RNA moieties of the microsomal 
fractions are also reported and the significance of the results 
discussed. 
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System of Rat Liver Microsomes*t 
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We have previously described a stable microsome preparation 
from rat liver (2, 3) active in amino acid incorporation. In this 
system, polyvalent anions and especially pyrophosphate (PP)! 
markedly inhibited the incorporation of labeled amino acids. 
During an investigation of the nature of this inhibition, it was 
observed that washed microsomes centrifuged at 105,000 x g 
in the presence of PP, released considerable amounts of ribonu- 
cleic acid (RNA) and protein into the supernatant fluid of the 
centrifugation medium (1). Apparently, PP was causing a dis- 
aggregation of the ribonucleoprotein granules associated with 
rat liver microsomes (4, 5). By repeated centrifugation of 
microsomes in the presence of increasing concentrations of PP, 
a number of ribonucleoprotein fractions were obtained, which 
could be studied with respect to both the protein and the asso- 
ciated RNA moieties. In this paper, we wish to report on some 
of the aspects of the mechanism of action of PP on the amino 
acid incorporating system of rat liver microsomes. In the sub- 
sequent communication, the results of studies in vivo and in vitro 
on the metabolic activities of the various protein and RNA frac- 
tions are presented. 


EXPERIMENTAL 


Materials and Methods—The sources of the C'*-amino acids’ 
and other substrates used for in vitro incorporation experiments 
have been described previously (3). P*-inorganic phosphate 
was obtained on allocation from the Atomic Energy Commis- 
sion. Sodium pyrophosphate from several sources (Mallinck- 
rodt; Baker and Adamson crystalline reagent) was used. The 
PP solutions were adjusted to pH 7.4 with HCl. P*-pyrophos- 
phate was prepared according to Lee Peng (6). Pyrophosphate 
was assayed with crystalline inorganic pyrophosphatase (kindly 
supplied by Dr. Kunitz) or measured as inorganic phosphate 
after acid hydrolysis (1 n HCl, 100°, 20 minutes). Inorganic 


* This work was supported in part by grants from the National 
Institute of Neurological Diseases and Blindness (Grant No. 
B-226) of the National Institutes of Health, Public Health Serv- 
ice, and by a contract between the Office of Naval Research and 
the New York State Psychiatric Institute. 

7 A preliminary report has appeared (1). 

t Present address, Western Reserve University School of Medi- 
cine, Department of Physiology, Cleveland 6, Ohio. 

1 The abbreviations used are: PP, pyrophosphate; ATP, adeno- 
sine triphosphate; GDP, guanosine diphosphate; GSH, gluta- 
thione; Tris, tris(hydroxymethyl) aminomethane; EDTA, ethyl- 
enediaminetetracetate; TCA, trichloroacetic acid; RNA 
ribonucleic acid. 


phosphate was measured by the Fiske-SubbaRow procedure (7). 
Total phosphate was determined as inorganic phosphate after 
digestion with sulfuric and nitric acids (8). Soluble protein was 
measured by the biuret procedure (9) with crystalline bovine 
serum albumin as a standard. Microsomal protein was deter- 
mined by the procedure of Lowry et al. (10) as previously de- 
scribed (3). RNA was extracted according to Schneider (11) 
and estimated with orcinol as described by Albaum et al. (12). 
Yeast RNA purified according to Smith et al. (13) (16.2 per cent 
N, and 8.8 per cent P) was used as a standard. 

Preparation of Microsomes for Cell-Free Incorporation: Deter- 
mination of Radioactivity—The preparation of washed micro- 
somes from lyophilized powders and the conditions for amino 
acid incorporation were essentially as previously described (3). 
For experiments involving centrifugation of microsomes in the 
presence of PP, microsomes were first washed by suspension in 
0.25 m sucrose-0.01 m NaCl (7 to 9 mg. microsomal protein per 
ml.) and centrifugation at 40,000 r.p.m. (Spinco, No. 40 rotor) 
for 45 to 60 minutes. Microsomes from freshly killed animals 
and lyophilized preparations were used interchangeably since 
there have been no observable differences. After incubation of 
the enzyme system in the presence of labeled amino acids (for 
specific conditions, see legends to figures) the proteins were 
precipitated with TCA, washed, plated and counted as previ- 
ously described (3). The data are expressed in terms of counts 
per minute at infinite thickness (planchets, approximately 1 cm. 
diameter; infinite thickness at about 11 mg. of protein). The 
activity of the C'* amino acids which were used for in vitro in- 
corporation experiments is also expressed in terms of counts per 
minute at infinite thickness which was determined as previously 
described (3) after crystallization of the labeled amino acids 
(diluted with known quantities of their respective nonisotopic 
carriers) to constant specific activity. 

Incorporation in Vivo of C'*-Labeled Amino Acids—Male rats, 
weighing about 250 gm. and starved for 18 to 20 hours were 
anesthetized by subcutaneous? injection of 1.0 ml. of an aqueous 
solution of sodium amobarbital (50 mg./ml.). A laparotomy 
was performed and C"*-leucine in 0.2 ml. of 0.9 per cent NaCl 


? When animals were given the same dose of amobarbital intra- 
peritoneally and subsequently administered a C'4-amino acid as 
described above, the extent of labeling of the cytoplasmic liver 
proteins was only about 10 per cent of that observed with rats 
anesthetized by subcutaneous injection. This inhibition of amino 
acid incorporation by amobarbital is presently under investiga- 
tion. 


650 





wiles 


Sep 


(see 
data 
tion 
injec 
solu 
in 3 
Spin 
desig 
ing ] 

El 
to 2 
in a 
cent 
ative 
and 
1 ho 
0.01 
micr 
as a 
(app 
trifu 
were 
for 2 
are j 
for I 
elect 
cate 
natic 

Ai 
liver 
M su 
mM N 
sucre 
micr 
for 4 
trifu 
smal 
susp 
6.5 1 
prot 
as d 
pelle 
lyop 
follo’ 
buffe 
cent 
prot 
Mar 
diset 
cent 


EI 
that 
(3) r 


Kett 
analy 
Univ 
expel 


Ws 


er- 


no 
3). 
he 


er 
or) 
als 
ce 


for 
re 
vi- 


m. 
‘he 
in- 
per 
sly 
ids 
pic 


its, 
ere 
ous 
my 
aC 


| as 
ver 
‘ats 
ino 
iga- 





September 1958 


(see legend for Table IV for specific activity and concentration 
data) was injected rapidly into the portal vein. The incorpora- 
tion time was taken as the time elapsed between the end of the 
injection and the moment when each excised liver entered a 
solution of ice-cold 0.25 M sucrose. The livers were homogenized 
in 3 volumes of cold 0.25 m sucrose and fractionated in the 
Spinco model L preparative ultracentrifuge according to the 
design of the experiment (see legend for Table V, and accompany- 
ing paper). 

Electron Microscopy—Livers of adult male rats, starved for 18 
to 20 hours, were homogenized in 2 volumes of 0.88 M sucrose 
in a Potter-Elvehjem homogenizer and the homogenate was 
centrifuged at 20,000 r.p.m. for 20 minutes in the Spinco prepar- 
ative centrifuge (rotor No. 40). The sediment was discarded 
and the supernatant fluid was centrifuged at 40,000 r.p.m. for 
1 hour. The microsomal pellet was washed in 0.88 m sucrose- 
0.01 m NaCl as described above. Finally, aliquots of washed 
microsomes were resuspended in 0.88 m sucrose (which served 
as a control) and in 0.88 m sucrose-0.003 m sodium PP, pH 7.4 
(approximately 1 mg. of microsomal protein per ml.) and recen- 
trifuged for 1 hour at 40,000 r.p.m. The control and PP pellets 
were then fixed in 2 per cent osmium tetroxide. in 0.88 mM sucrose 
for 20 hours at 0° according to Palade, Procedure C (4). We 
are indebted to Dr. George Palade of the Rockefeller Institute 
for his generous advice and for the embedding, sectioning and 
electron micrographs of the above pellets. In each case dupli- 
cate samples were run and used for RNA and protein determi- 
nations. 

Analysis in Analytical Ultracentrifuge—Microsomes from the 
livers of starved rats were prepared in the usual manner (0.25 
M sucrose) and washed by centrifugation in 0.25 m sucrose-0.01 
m NaCl. The washed microsomes were suspended in 0.25 m 
sucrose-0.003 m sodium PP, pH 7.4 (approximately 6.5 mg. of 
microsomal protein per ml.), and centrifuged at 40,000 r.p.m. 
for 45 minutes. The supernatant fluid was decanted and cen- 
trifuged at 40,000 r.p.m. for an additional 3 hours to obtain a 
small translucent pellet. For a control, washed microsomes were 
suspended in 0.5 per cent sodium deoxycholate, pH 8.3 (6.0 to 
6.5 mg. of microsomal protein per ml.), and the total nucleo- 
protein isolated by centrifugation at 40,000 r.p.m. for 3 hours 
as described by Petermann (5). The PP and deoxycholate 
pellets were each suspended in 10 ml. of cold H,0, shell frozen, 
lyophilized and stored in the deep freeze overnight. On the 
following day the powders were suspended in the appropriate 
buffer (see legend, Fig. 2) and examined in the analytical ultra- 
centrifuge. Separate aliquots of all fractions were kept for 
protein and RNA determinations. We are indebted to Dr. 
Mary Petermann of the Sloan Kettering Institute for helpful 
discussions and for making available her facilities for the ultra- 
centrifugal analysis.* 


RESULTS 


Effect of PP on Incorporation of C'*-Leucine—It was observed 
that the presence of 0.005 m PP in a standard incubation mixture 
(3) reduced the incorporation of C'-leucine to about one-third 


3 We also wish to thank Mrs. Mary Hamilton of the Sloan 
Kettering Institute for her assistance with the ultracentrifugal 
analysis. Thanks are also due to Dr. Max Eisenberg of Columbia 
University for assistance with some preliminary ultracentrifugal 
experiments. 
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Incorporation of C'*-leucine into microsomes 
centrifuged in the presence of PP 

Washed microsomes were suspended in the medium indicated 
(pH 7.4) at a concentration of about 3 mg. of protein per ml. and 
centrifuged at 40,000 r.p.m. for 45 minutes at 0°. The pellet 
material in each tube was suspended in 0.25 m sucrose (1.6 ml.) 
and an aliquot from each suspension (about 8 to 10 mg. of micro- 
somal protein) was added to separate tubes containing 5 mg. of 
supernatant protein and standard additions in a final volume of 
1.0 ml.; 0.03 m Tris buffer, pH 7.5; phosphocreatine, sodium salt, 
0.02 m; ATP, sodium salt, 0.001 m; ATP-creatine transphospho- 
rylase, 14 units; GSH, 0.025 m; GDP, 1 X 10-* a; L-leucine-C'; 
1X 10“ Mm (2 X 10° c.p.m. per mg. at infinite thickness) ; KCl, 
0.06 m; MgCl», 0.005 m. Incubated at 37° for 30 minutes. Max- 
imum incorporation equal to 483 c.p.m. at infinite thickness. 





Per cent of 
_ Maximum 
incorporation 


Centrifugation medium 








ices Ee PO SE PPR ee 100 
2. 0.25 m sucrose, 0.01 m phosphate................ 96 
3. 0.25 sucrose, 0001 uw PP. .................005-.. 28 
4. Same as 3, 3 times the microsome concentration. . 65 
5. Same as 3, plus 10 mg. supernatant protein per 

ml 





of the maximal value. Pretreatment of the PP with crystalline 
pyrophosphatase abolished its inhibitory effect. Because of the 
complexity of the incubation mixture (3), the nature of the in- 
hibitory action of PP was further investigated by centrifugation 
studies. These experiments were designed to shed some light 
on whether PP was inhibiting some enzymic reaction or al- 
tering an essential microsomal structure. It was observed 
(Table I, Fig. 1) that washed microsomes recentrifuged in a 
sucrose-PP medium before incubation were much less active in 
amino acid incorporation than microsomes centrifuged in the 
presence of sucrose alone or sucrose-phosphate. The extent of 
inhibition was a function of both the PP and microsome concen- 
tration. Soluble protein (supernatant fluid obtained by cen- 
trifugation of a rat liver homogenate at 105,000 x g) was 
capable of affording complete protection to washed microsomes 
from the effects of PP. The protective action of supernatant 
protein was not lost upon dialysis, treatment with Dowex 2 
chloride, or heat (60°, 3 minutes). Also, soluble proteins from 
a number of sources could partially replace rat liver supernatant. 
These were (listed in order of decreasing effectiveness) rat liver, 
bovine serum albumin, calf liver, and yeast. Of these proteins, 
only the soluble fraction of rat liver was active in amino acid 
incorporation. The ability of this protein fraction to ptotect 
microsomes against the deleterious effects of heat, ribonuclease, 
high concentrations of salt, etc., has been previously described 
(3) and probably its protective action against PP has a similar 
mechanism. Also, within a limited range supernatant protein 
may function by reducing the effective concentration of PP (see 
below, P®-labeled PP experiments). 

Spectral analysis of supernatant fluids obtained by centrifuga- 
tion of washed microsomes in sucrose-PP showed the presence 
of ultraviolet material which had a maximum at about 260 mu. 
Almost all of this released material was nondialyzable and pre- 
cipitable by 5 per cent TCA or 0.5 n perchloric acid. Chemical 
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PYROPHOSPHATE MOLARITY xX 103 
Fig. 1. Effect of centrifuging washed microsomes in the pres 
ence of various concentrations of PP. Washed microsomes were 
suspended (about 3 mg. of microsomal protein per ml.) in 0.25 Mm 
sucrose containing the indicated amount of PP, pH 7.4, and cen- 
trifuged at 40,000 r.p.m. for 40 minutes at 0°. Each pellet was re- 
suspended in 0.25 m sucrose and an aliquot (8 to 10 mg. of micro- 
somal protein) of each suspension was added to separate tubes 
containing 5 mg. of supernatant protein, L-leucine-C™ and stand- 
ard additions (see legend, Table I) in a final volume of 1 ml.; in- 
cubated at 37° for 30 minutes. 
Maximal incorporation observed with microsomes centrifuged 
in 0.25 M sucrose without PP, 248 c.p.m. at infinite thickness. 
Separate aliquots of each microsome suspension and their re- 
spective supernatant fluids were analyzed for protein and RNA; 
per cent RNA not sedimenting 





5 


mg. RNA in supernatant < 100 


(0) = mg. RNA in pellet + mg. RNA in supernatant 





analysis indicated that the TCA insoluble material consisted of 
ribonucleoprotein containing between 25 and 35 per cent RNA. 
Increasing PP concentrations in the centrifugation media resulted 
in an increase in the amount of RNA not sedimenting with a 
parallel decrease in the incorporating ability of the microsomal 
pellets (Fig. 1). Similar results were obtained in analogous ex- 
periments where the ionic strength of each centrifugation medium 
was kept constant by the addition of NaCl; these results indi- 
cate that the observed effects were essentially a function of the 
PP concentration. The extent of inhibition of amino acid in- 
corporation was independent of the labeled amino acid used 
(leucine, phenylalanine, lysine). At lower PP concentrations 
(0.001 to 0.002 m PP; 3 mg. microsomal protein per ml.) almost 
all of the RNA and protein could be sedimented at 105,000 « g 
provided the centrifugation time was extended from 45 minutes 
to 3 hours. However, the ability of this reconstituted pellet 
(which now contained almost all of the original RNA and pro- 
teip) to incorporate amino acids was still impaired to the same 
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extent (relative to microsomes centrifuged in 0.25 m sucrose for 
3 hours). Also, all attempts at recombination or reactivation 
of microsomes centrifuged from PP have so far been unsuccess- 
ful. 

Effect of Other Metal Binding Agents—In order to investigate 
the specificity and nature of the action of PP on microsomes, 
centrifugation studies were undertaken with a number of other 
known metal binding reagents (Table II). Under conditions 
where centrifugation of washed microsomes in the presence of 
0.001 m pyrophosphate inhibited the incorporation of C-leucine 
60 to 70 per cent, equivalent concentrations of 8-hydroxyquin- 
oline, benzoyl acetone, KCN, NaF, potassium xanthogenate or 
0.02 m cysteine had no effect. However, EDTA (ef. (4)) and 
citrate behaved in a manner similar to PP. Their order of ef- 
fectiveness (inhibition of amino acid incorporation paralleled by 
release of RNA and protein from microsomes) was EDTA > 
PP > citrate. Centrifugation in the presence of o-phenan- 
throline or a,a’-dipyridyl gave variable inhibitions of 10 to 60 
per cent without any significant release of microsomal protein 
or RNA. Ferrous ion added to the incubation mixture did not 
reverse this inhibition. Whether this latter inhibition is due to 
the binding of some metal ion or is a consequence of the ability 
of these basic compounds to bind RNA and/or protein at some 
other loci is not known (e.g. atabrine and protamine also inhibit). 

Centrifugation of Microsomes in Presence of P*-Labeled PP— 
In order to investigate further the nature of PP inhibition, micro- 
somes were sedimented in the presence of P®-labeled PP. If PP 
anions were competing with ribonucleoprotein units comprising 
an essential microsomal structure then one might expect some 
simple relationship between the amount of PP bound to the 
pellet material and the quantity of RNA phosphorus released. 
It was observed (Table III) that an increase in the concentration 
of P®-PP in the centrifugation media resulted in an increase in 
the amount of radioactivity bound to the pellet material (over 
the range studied, 0 to 0.005 m). Bound radioactivity refers to 
counts per minute stable to 2 to 3 washings (centrifugation) with 
sucrose-0.01 m NaCl, exhaustive dialysis against 0.002 m phos- 
phate buffer and treatment with Dowex 2 chloride (at pH 7.0). 


Tase II 
Incorporation of C'4-leucine into microsomes centrifuged 
in the presence of various metal binding reagents 
For conditions of centrifugation and incubation see legend to 


Table I. Maximum incorporation equal to 300 c.p.m. at infinite 
thickness. 











Centrifugation medium Per rete gam 
0.25 m sucrose, 0.005 mM Na-PQ,........ 100 
0.25 m sucrose, 0.001 mM PP............ 40 
0.25 m sucrose, 0.005 m citrate......... 58 
I RR Sg. a icknssdeede dian 
Ro ee re 10 
 . ) Rs Serre 110 
UNE ss yess ox cients Dolls easeeee 105 
Ra Ue ee ee 97 
0.001 m 8-hydroxyquinoline.......... 94 
0.001 m benzoyl acetone............. 94 
0.001 m xanthogenate............... 96 
0.001 M a,a’-dipyridyl......... eaciese 70 
0.001 m o-phenanthroline............ 70 
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TaBLeE III 
Centrifugation of washed microsomes in the 
presence of P** pyrophosphate 

Washed microsomes were suspended in 0.25 m sucrose (about 2 
mg. of microsomal protein per ml.) and in 0.25 M sucrose contain- 
ing the indicated concentrations and centrifuged at 40,000 r.p.m. 
for 45 minutes at 0°. After removing aliquots for protein deter- 
minations, the supernatant fluids were treated with equal volumes 
of cold 10 per cent TCA, washed and analyzed for RNA phosphorus 
as described (see ‘‘Experimental’’ section). The pellets were 
each washed twice by centrifugation with sucrose-0.01 m NaCl, 
suspended in 0.25 m sucrose-Tris buffer (0.002 m, pH 7.0) at a pro- 
tein concentration of about 0.5 mg. per ml. and treated with Dowex 
2 chloride (0.5 gm. per 15 ml.) for 1.5 hours at 0° with vigorous stir- 
ring. The suspensions were filtered, made to volume and analyzed 
for protein, RNA and radioactivity. Aliquots of crude superna- 
tant protein were treated as described above after brief exposure 
to 5 X 10-*m and 1 X 10-* m P*®-PP respectively. These samples 
bound approximately 0.013 and 0.02 ywmoles of pyrophosphate 
per mg. of protein respectively. 

Results similar to those recorded above were obtained when 
the protein samples were dialyzed for about 40 hours against 
several changes of 1.001 mM phosphate (pH 7.4) before the Dowex 2 
chloride treatment. 


Concentration of PP in | umoles RNA phosphorus 


. > 
the centrifugation media umoles PP bound to 


(molarity X 108) pellet released by PP 
0.5 0.045 0.22 
1.0 0.067 | 1.8 
3.0 0.28 9.0 
5.0 | 8.9 


0.44 


About 10 to 20 per cent of this activity was removed by further 
treatment with nonisotopic pyrophosphate or pancreatic ribo- 
nuclease. Also, it may be noteworthy that considerable activity 
(20 to 30 per cent) remained after precipitation and washing 
with cold 5 per cent TCA. Taking the concentration of PP 
(0.003 m) where the release of RNA levels off, it can be seen that 
each molecule of PP bound, corresponds roughly to 30 nucleotide 
residues released from microsomes. This unquestionably is a 
minimal figure not taking into account the considerable and 
apparent nonspecific binding of PP. In this connection, super- 
natant protein was also capable of binding significant amounts 
of P®-PP (see legend, Table III). 

Ultracentrifuge Studies—When washed microsomes were cen- 
trifuged in a sucrose-PP medium considerable amounts of ribo- 
nucleoprotein failed to sediment. The usual procedure involved 
centrifugation of microsomes at 40,000 r.p.m. for 45 minutes. 
If the centrifugation time was extended for an additional 3 hours 
then a major portion of the ribonucleoprotein sedimented, pro- 
vided that the initial PP concentration was below 0.003 m. 
Under the conditions described (see “Experimental’’ section) 
after an initial centrifugation of 45 minutes at 40,000 r.p.m. 
approximately 25 to 30 per cent of the microsomal protein and 
about 50 to 60 per cent of the RNA remained in the supernatant 
fluid. When this supernatant fluid was decanted and centrifuged 
for an additional 3 hours at 40,000 r.p.m., about 55 per cent of 
the protein and 90 per cent of the RNA sedimented. This latter 
pellet material was examined in the analytical ultracentrifuge in 
order to compare its properties with the microsomal ribonucleo- 
protein particles studied by Petermann et al. (5, 14, 15) and 
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others (4, 16-18). The ultracentrifuge patterns of the ribo- 
nucleoprotein pellets obtained by treatment of microsomes with 
deoxycholate gave a pattern similar to the one previously de- 
scribed by Petermann et al. (5, 14) and showed one major com- 
ponent with a sedimentation coefficient of approximately 77 
(bottom half, Fig. 2). The ribonucleoprotein obtained from PP 
treated microsomes showed two major components. These were 
a slow moving boundary which remained near the meniscus 
(equivalent to Petermann’s s component and also seen in the 
deoxycholate material) and a more rapidly sedimenting boun- 
dary with a sedimentation coefficient of about 48 (corrected to 
20° and water). This latter material corresponded roughly to 
Petermann’s e component (5). When higher initial concentra- 
tions of PP were used then much less of this fraction (48 s) was 
observed, yielding instead a corresponding increase in the s 
boundary. The combined s and e ribonucleoprotein fractions 
had an average RNA content of about 31 per cent, whereas the 
deoxycholate pellet contained approximately 39 per cent RNA. 

Electron Microscopy—In order to distinguish between a selec- 
tive or a general action of PP on all of the ribonucleoprotein 
granules on microsomes, electron micrographs were taken of PP 
treated microsomes. It was observed that under conditions 
where only 50 to 60 per cent of the RNA had been removed there 
could be seen some residual particles on the membranes of cer- 
tain PP treated microsomes. They were, however, smaller than 
in untreated microsomes and quite scarce; considerably less in 
any case, than expected for the approximately 50 per cent RNA 
still present in the pellet. These microsomes correspond in 
appearance to EDTA treated microsomes previously reported 
by Palade and Siekevitz (4). It will be noted that in the experi- 
ment reported here the concentration of sucrose in the centrifuga- 
tion medium was 0.88 M instead of 0.25m. The same experiment 
performed in the presence of 0.25 m sucrose gave essentially 
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Fig. 2. Ultracentrifugal patterns—upper, nucleoprotein ob- 
tained from pyrophosphate treated microsomes, lower, crude nu- 
cleoprotein from desoxycholate treated microsomes; each con- 
tained approximately 3 mg. of protein per ml. in 0.1 m NaHCO, , 
0.0004 m MgCl, , 0.0004 m K-HPO, , 0.0004 m KH.PO,; after 12 
minutes at 37,020 r.p.m. 








Fic. 3. 1. Representative field in a pellet of microsomes treated with 0.003 mM pyrophosphate. 
brane bound vesicles (v) and tubules (¢) most of them with no attached particles on their outer surface. 
membrane is seen in full faced view, particle remnants can still be detected (arrows). 


somal pellet. 
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The microsomes appear as mem 
Where their limiting 
Magnification: 50,000. 2. Control micro- 


Extensive agglutination was encountered throughout this pellet, but the micrograph was taken in a field where the 


clumping was less pronounced. Many of the vesicular (v) and tubular (¢) or cisternal microsomes bear dense particles attached 
to their outer surface (arrows). These particles appear, however, less sharply outlined than in usual preparations, possibly as a 


result of the longer history of the specimen. 
ond, in sucrose alone. Magnification: 50,000. 


identical results except that the apparent concentration of 
granules (100 to 150 A) was less in the control pellet because of 
the presence of larger amounts of smooth surfaced vesicles sedi- 
menting from the medium of lower density. 

Effect of PP on Microsomes Labeled in Vivo and in Vitro—A 
relationship between the incorporation process and the micro- 
somal material released in the presence of PP was readily estab- 


These microsomes were washed twice: first in 0.88 M sucrose and 0.01 mM NaCl and see- 


lished. Microsomes were first permitted actively to incorporate 
C"-amino acids, sedimented, and recentrifuged in sucrose-PP 
medium in the usual manner (Table IV). It was observed that 
the protein in the supernatant fluid had a specific activity 2 to 
7 times that of the protein of the sedimented microsome residue 
(cf. (1)). Analogous results were obtained with microsomes la- 
beled in vivo from rat livers removed shortly after the injection 
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of isotopic amino acids into the portal vein. The distribution 
of activity for microsomes labeled in vitro resembled the distri- 
bution obtained from in vivo incorporation experiments taken at 
the earliest time intervals. 

In the above experiments, the specific activity of the nucleo- 
protein in the supernatant fluid after PP treatment was compared 
with the activity of the protein in the pellet. The latter material 
contained about 40 to 50 per cent of the original nucleoprotein 
diluted by the large amount of the lipoprotein rich membranous 
component of microsomes. It was therefore attempted to sepa- 
rate this residual nucleoprotein from the protein comprising the 
membranous material. After solubilization with deoxycholate, 
high speed centrifugation or fractionation with salt, ethanol or 
Ca and Mg salts all failed to yield any well defined nucleoprotein 
fractions. However, electrophoretic and chromatographic iso- 
lation procedures would appear promising and these studies are 
in progress. 


DISCUSSION 


It has been shown by Palade and Siekevitz (4) that the micro- 
some fraction from rat liver homogenates is morphologically 
identical with elements of the endoplasmic reticulum of hepatic 
cells. Microsomal ribonucleoprotein apparently corresponds to 
the small dense granules (100 to 150 A) usually found attached 
to the outer surfaces of the membranous material. Petermann 
and her collaborators have succeeded in isolating, purifying and 
differentiating these ribonucleoprotein particles into several 
electrophoretically and ultracentrifugally, distinct components 
(5, 14, 15). Their studies have indicated that these particles 
probably consist of aggregates of ribonucleoprotein units. The 
studies reported here are consistent with this hypothesis and 
have additional bearing on the physical and biochemical proper- 
ties of the RNA rich particles associated with rat liver micro- 
somes. 

The mechanism of PP inhibition of amino acid incorporation 
can be explained on the basis of the ability of PP to disaggregate 
essential ribonucleoprotein structures on microsomes. Some 
insight into the nature of this dissociating effect of PP on the 
microsomal nucleoprotein granules was obtained from compara- 
tive studies with other metal binding reagents. It was apparent 
that those compounds (PP, EDTA, citrate, high concentrations 
of phosphate) exhibiting potent dissociating activity all con- 
tained acidic groups and were capable of binding divalent metal 
ions. The data reported here, including the binding of P*-PP, 
suggest that PP competes with an effectively displaces acidic 
nucleoprotein units comprising the 100 to 150 A particles. The 
involvement of metal chelate bonds (probably containing Mg or 
Ca) in the stability and structural organization of the nucleo- 
protein granules is consistent with studies from several labora- 
tories. For example, Mg ions may be substituted for Peter- 
mann’s stabilizing factor for liver nucleoprotein.‘ Calcium has 
also been implicated in the integrity of various nucleoproteins 
(19-21). Of some interest in this connection are the findings 
that the divalent metal ions, namely Ca and Mg, are localized 
to a large extent in the microsome fraction of rat liver homog- 
enates (22). 

The inhibition studies with PP suggest that the dissociation 
process is irreversible. The actual amount of permissible degra- 
dation which the nucleoprotein granules may undergo and still 


4 Dr. M. Petermann, personal communication. 
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TaBLe IV 


Distribution of incorporated counts between the pellet 
and supernatant fractions of microsomes 

Experiment 1, incorporation in vitro; incubation mixture con- 
tained microsomes (12 mg. of protein per ml.) prepared from 1:2 
homogenate (3), supernatant protein, 2.0 mg. per ml.; C"*-leucine 
and C'*-phenylalanine, each 1 X 10-* m; and standard additions 
(see legend to Table I); incubated for 2 minutes at 37°; poured 
into several volumes of 0.25 m sucrose at 0°, and the labeled micro- 
somes were sedimented at 40,000 r.p.m. for 35 minutes; pellet 
material was resuspended in a small volume of 0.25 m sucrose 
and aliquots were centrifuged either in 0.25 m sucrose or 0.25 m 
sucrose-0.005 m PP (pH 7.4) at 40,000 r.p.m. for 35 minutes (micro- 
some protein concentration in centrifugation medium, 1 to 2 mg. 
per ml.). 

Experiment 2, incorporation in vivo; (for conditions see ‘‘Meth- 
ods’’); 120 gm. rat injected into the portal vein with C'*-leucine 
(0.2 umole in 0.1 ml. 0.9 per cent saline, 2.5 uwe.); incorporation 
time 1 minute and 45 seconds; centrifugation conditions as de- 
scribed. 

Under the conditions described with PP in the certrifugation 
medium, approximately 15 to 20 per cent of the protein failed to 
sediment. 











Specific activity of protein* 
Centrifugation medium 
Pellet Supernatant 
a ra pee 
Ot 5 sues, aniclah dn wkia eats a 214 t 
0.25 m sucrose + 0.005 mM PP........ 120 620 
ge sick ire cram eemauieaay 
Ts a. gah acest ais oth 4 380 t 
0.25 m sucrose + 0.005 m PP........ 250 1017 











* c.p.m. at infinite thickness. 
t Only very small amounts of protein were recovered which 
had a specific activity about equal to the pellet material. 


retain incorporating activity has not been defined by these stud- 
ies. However, it is clear that after about 50 per cent of the RNA 
has been released from the microsomes, almost all activity has 
disappeared. Electron micrographs of such inactive microsomes 
have also shown the parallel and almost complete loss of intact 
granules. However, it will be noted that if an active prepara- 
tion is permitted to first incorporate a labeled amino acid and 
the microsomes subsequently treated with a concentration of PP 
which will remove about 50 per cent of the RNA, the residual 
microsomes actually contain a considerable amount of the total 
incorporated radioactivity. This observation plus the apparent 
irreversibility of the PP inhibition would indicate an essential 
requirement for a highly organized nucleoprotein structure for 
amino acid incorporation.*® 

Littlefield et al. (16) have shown that the 100 to 150 A nucleo- 
protein particles are probably the primary site of amino acid 
incorporation for both in vivo and cell-free preparations. They 
isolated these granules in the form of a pellet after treatment of 
labeled microsomes with deoxycholate. This reagent acts pri- 
marily on the lipoprotein, rendering the membranous component 
nonsedimentable. The incorporation experiments reported here 
are in essential agreement with those of Littlefield et al. (16), in 
that they show the high initial rate of incorporation of labeled 


5 An alternative explanation would be that PP (firmly bound) 
inhibits some essential enzymatic step. 
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amino acids into microsomal nucleoprotein. However, the im- 
portant distinction lies in the experimental procedure, since PP 
acts primarily on the nucleoprotein component of microsomes. 


Acknowledgment—The author wishes to express his gratitude 
to Dr. Heinrich Waelsch for his support and counsel during the 
course of this work. 


SUMMARY 


Inorganic pyrophosphate markedly inhibited the incorporation 
of labeled amino acids into microsome-supernatant protein 
preparations from rat liver. It was also observed that washed 
microsomes recentrifuged in a sucrose-pyrophosphate medium 
were much less active in amino acid incorporation than micro- 
somes centrifuged in the presence of sucrose alone or sucrose- 
phosphate. Increasing pyrophosphate concentrations led to a 
decreased incorporating activity and a parallel release from the 
microsomes of considerable amounts of ribonucleic acid and 
protein. Ethylenediaminetetracetate and citrate behaved in a 
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manner similar to pyrophosphate. Examination in the analyti- 
cal ultracentrifuge of the ribonucleoprotein released from micro- 
somes in the presence of pyrophosphate showed two major com- 
ponents with sedimentation coefficients of 7 s and 48 s. With 
higher concentrations of pyrophosphate much less of the 48 s 
fraction was observed yielding instead a corresponding increase 
in the 7 s boundary. Electron micrographs of microsomes 
treated with pyrophosphate showed the almost complete removal 
of intact (100 to 150 A) granules under conditions where only 
50 to 60 per cent of the ribonucleic acid had been removed. The 
available evidence, including centrifugation studies with P® 
pyrophosphate, suggests that pyrophosphate competes with and 
effectively displaces acidic nucleoprotein units comprising the 
100 to 150 A particles associated with the membranous compo- 
nents of rat liver microsomes. Centrifugation of microsomes 
labeled in vivo or in vitro in the presence of pyrophosphate gave 
a protein fraction in the supernatant fluid which had a specific 
activity 2 to 7 times that of the protein of the sedimented micro- 
some residue. 
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Incorporation of Labeled Amino Acids into the 
Protein of Muscle and Liver Mitochondria* 
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Studies on the incorporation of labeled amino acids into the 
protein of subcellular structures of mammalian tissues, particu- 
larly rat liver, have provided evidence for the important role of 
the microsomal fraction (1-3). Similar studies have also shown 
that calf thymus nuclei readily incorporate labeled amino acids 
(4). On the other hand, mitochondria have not been associated 
with this process, largely because of the low rate of amino acid 
incorporation (1-3) relative to that of the microsomes, the high 
proportion of radioactivity removable by ninhydrin treatment 
(5), and, in earlier experiments, the heavy contamination of 
mitochondria by microsomes (6). 

In recent experiments, attempts were made to localize the 
sites of amino acid incorporation in the muscle cell. The re- 
sults of these experiments in vivo (7) showed that the rates of 
incorporation of amino acids into the protein of the mitochon- 
drial and microsomal fractions of muscle were comparable; 
indeed, at short time intervals (several minutes) between the 
administration of the amino acid and the extirpation of the 
muscle, the specific radioactivity of the protein of the mito- 
chondria was actually somewhat higher than that of the micro- 
somes. The results of these experiments were further borne out 
by the ability of isolated muscle mitochondria to incorporate 
amino acids into protein (8). 

Because of the seeming discrepancy between the results ob- 
tained with liver and with muscle, in respect to the relative im- 
portance of mitochondria and microsomes in amino acid incor- 
poration, the role of liver mitochondria was reinvestigated. 
The results show that isolated liver mitochondria can catalyze 
the incorporation of amino acids into protein at an appreciable 
rate, that the process is ATP'-dependent, that the labeled amino 
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1The abbreviations used are: ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; AMP, adenosine-5’-phosphate; 
DNP, 2,4-dinitrophenol; 3-PGA, p-3-phosphoglycerate; RNA, 
ribonucleic acid; RNase, ribonuclease; and CP, creatine phos- 
phate. 


acid is bound by peptide bonds, and that the ability to incor- 
porate labeled amino acids is a property of the mitochondria and 
not a result of contamination of the latter by microsomal com- 
ponents. Most of these results have been reported in prelim- 
inary communications (8, 9) and are described more fully in the 
present paper. Evidence that the liver mitochondrial system 
is able to incorporate amino acids into cytochrome c has been 
presented recently (10). 


MATERIALS AND METHODS 


Aminals—Male rats of the Sprague-Dawley strain, weighing 
200 + 20 gm., and male guinea pigs, weighing about 400 gm., 
were used. 

Chemicals—CP was a product of the California Foundation 
for Biochemical Research. Creatine kinase was prepared from 
rabbit muscle by the short method of Kuby et al. (11). p-3- 
Phosphoglyceric acid was obtained from Schwarz Laboratories 
as the Ba salt and was converted to the free acid by passing it 
through a Dowex 50-H* column. Horse heart cytochrome c 
was obtained from the Sigma Chemical Company. ATP, ADP, 
and AMP were products of the latter firm or of the Pabst Labo- 
ratories. RNase was a product of the Worthington Biochemical 
Corporation. Deoxycholic acid was obtained from the Wilson 
Laboratories. pL-Leucine-1-C™ and pi-phenylalanine-3-C™ 
were obtained from the New England Nuclear Corporation, 
and pt-lysine-1-C“ was a product of the Isotopes Specialties 
Company. The labeled amino acids tested satisfactorily for 
isotopic purity. 

Assays—The RNA content of the mitochondria that was 
washed six times was determined by the method of Schneider 
(12) by either the orcinol reaction (13) or absorption at 260 
my. RNase was assayed? by the method of Anfinsen (14). 

Preparation of Soluble Fractions from Liver and Muscle—Rat 
liver was homogenized with 2 volumes of 0.25 m sucrose solu- 
tion, and the resulting mixture was centrifuged at 105,000 x g 
for 2 to 4 hours. The supernatant fluid was then pipetted off 
with care to avoid the possibility of stirring up microsomes, and 
it was found that it could be stored for several months at —15° 
without loss of activity. Muscle-soluble fraction consisted of 
the supernatant fluid obtained from a 1:15 homogenate after 
isolation of the mitochondria and centrifugation of the micro- 
somes. 

Preparation of pH 6 Fraction—This fraction was prepared 
according to Hoagland et al. (15) and consists essentially of the 
precipitate obtained when the liver-soluble fraction is adjusted 


* We wish to thank Dr. Frederic M. Richards for performing 
the RNase assays. 
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to pH 5.2. The precipitate is taken up in 0.1 m tris(hydroxy- 
methyl)aminomethane buffer, pH 7.6, and used as such. 

Preparation of Muscle Particulate Fractions—The various 
muscle particulate fractions were isolated by a modification (7) 
of the procedure of Kitiyakara and Harman (16), with the use 
of a sucrose solution containing ethylenediaminetetraacetic 
acid. In this procedure, nuclei and debris will sediment at 
200 x g (2 minutes), myofibrils at 800 x g (10 minutes), and 
mitochondria at 3000 x g (15 minutes); the material that sedi- 
ments at 4400 x g (60 minutes) is thought by the above-men- 
tioned workers (16, 17) to consist of a new particle that is peculiar 
to muscle. 

Treatment with Deorycholate—Muscle microsomes were frac- 
tionated by the deoxycholate procedure used by Littlefield et al. 
(18) for liver microsomes. 

Preparation of Other Particulate Fractions—Liver and kidney 
mitochondria were prepared by the method of Schneider and 
Hogeboom (19) except that the mitochondria obtained from the 
second 5000 x g centrifugation were discarded. The mito- 
chondria were then washed six times in 0.25 m sucrose. The 
supernatant fluid from the washings does not become clear until 
the fourth washing, at which time no trace of the so called fluffy 
layer remains in evidence. 1 gm. of liver yielded about 2 to 3 
mg. of dried mitochondrial protein. The microsomal prepara- 
tion was used without washing. Pancreas fractions were ob- 
tained by the method of Siekevitz and Palade with the use of 
0.88 m sucrose* (20). 

Experiments with Incorporation in Vivo—For studies of amino 
acid incorporation into liver and muscle proteins, rats were 
used routinely. For similar investigations on pancreas, guinea 
pigs were used because, in the latter animals, this organ is dis- 
crete and can be easily separated from connective and adipose 
tissue. The kidneys of these animals were also examined. The 
labeled amino acid was injected into a tail vein of the rat or, 
when the guinea pig was used, into its ear vein or directly into 
its heart. Since the shorter time experiments required the 
administration of relatively large amounts of radioactivity in 
order to achieve sufficient labeling of the protein for precise 
counting, the amount of radioactivity that was used was varied 
from experiment to experiment, but the total amount of amino 
acid injected was kept constant. In this way, the results of 
different experiments could be normalized to a given number of 
counts per minute injected (see legend of Table I). 

Animals were killed at suitable time intervals after injection, 
and the appropriate tissues were rapidly removed and trans- 
ferred to a large volume of 0.25 m sucrose solution rapidly stirred 
at 0°. After isolation, the fractions were treated with trichloro- 
acetic acid and the proteins washed and counted as described 
below. 

Incubation Procedure and Treatment of Protein—At the termi- 
nation of the incubation period, trichloroacetic was added to a 
final concentration of 5 per cent. In some experiments, the 
contents of the incubation flasks were centrifuged at 105,000 x 
g and only the precipitate was used. Both procedures gave 
virtually identical results provided that, in the former method, 
the specific activity of the protein was corrected for all non- 


3 We wish to thank Dr. Philip Siekevitz for communicating this 
method to us in advance of publication and for valuable discus- 
sions concerning the separation and homogeneity of particles of 
liver and of pancreas. 
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mitochondrial protein present in the incubation mixture. The 
precipitated proteins were washed twice at room temperature 
with 5 per cent trichloroacetic acid, with trichloroacetic acid at 
90° (12), and were then dissolved in 4 ml. of 0.4 m NaOH con- 
taining 10 mg. of unlabeled pt-leucine for “‘washing-out” pur- 
poses. Omission of this step results in high specific activities in 
zero-time experiments (Table V). When difficulty was en- 
countered in dissolving all the protein, the solution was heated 
to 60° for not longer than 2 minutes and then cooled immediately 
(21). After the solution had been standing for 1 hour, the pro- 
teins were reprecipitated with 1 ml. of 50 per cent of the acid. 
The protein was then washed twice with ethanol (twice more 
with hot ethanol when deoxycholate had been used), twice with 
ethanol-ether at 70° for 2 minutes, and twice with ether. After 
evaporation of the ether, the finely powdered samples were 
plated for counting, as described below. 

Plating of Samples—The surface of an aluminum planchet was 
slightly roughened with pumice or grade FFF powdered car- 
borundum, and an estimated quantity of the dried protein pow- 
der was transferred to the weighed planchet. About 0.02 ml. 
of water was added and the resultant slurry was manipulated 
with a microspatula until it was evenly distributed throughout 
the area of a circle of appropriate diameter. The most repro- 
ducible results were obtained at sample thicknesses of not less 
than 2 mg./sq.cm. The planchet was then dried under a heat 
lamp and reweighed. The specific activity values obtained 
were corrected to zero thickness. For small amounts of pro- 
tein (0.5 mg. to 2 mg.), this plating method results in distinctly 
higher precision than plating on filter paper disks or sintered 
stainless steel disks, or by the evaporation of a suspension of the 
protein in an organic solvent. 

Low Background Counting—On many occasions during the 
early phases of this work, it was necessary to count very small 
amounts of protein or to deal with low activity samples obtained 
in short time experiments. Since the total radioactivity of the 
samples was often too low to permit reliable counting in the 
usual type of windowless counter, a low background Geiger 
counter was constructed‘, heavily shielded, which used an anti- 
coincidence circuit® similar in principle to that designed by 
Anderson et al. (22) for use in carbon-dating experiments. The 
sample counter itself was an unmodified windowless flow counter. 
The background of this counter (1 inch chamber), ordinarily 
about 25 c.p.m., was lowered to 1 c.p.m. and has been stable 
over a period of nearly 3 years. 


RESULTS 


Subfractionation of Muscle Mitochondria—Kitiyakara and 
Harman (16) have described a muscle particle which sediments 
at centrifugal forces that approximate those used to prepare 
muscle mitochondria. Although these particles are probably 
lipide globules® (23), these results and those of DeDuve (24) on 


4 We are greatly indebted to Dr. Henry Kraybill of the Depart- 
ment of Physics, Yale University, for valuable advice concern- 
ing the design of the counter. Our thanks are due Mr. Glenn 
Hendler for his able assistance in the construction of some of the 
mechanical features of the counter. 

5 Anticoincidence scaler supplied by the Technical Measure- 
ments Co., New Haven, Connecticut. Cosmic ray tubes supplied 
by Leighton Laboratories, Hatboro, Pennsylvania. 

* Dr. G. E. Palade, personal communication. 
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liver lysosomes raised the question of the possible heterogeneity 
of our mitochondrial preparation with respect to amino acid 
incorporation. Therefore, attempts were made to localize the 
amino acid-incorporating activity in a particular fraction. 
Labeled leucine or phenylalanine was administered in vivo, and, 
after removal of the nuclei and myofibrils from the muscle 
homogenate, the supernatant fluid was centrifuged at various 
forces, and fractions were collected. The assumption was made 
that all the subfractions have approximately the same leucine 
and phenylalanine content. The results shown in Table I 
indicate that the amino acid incorporation activity is distributed 
throughout all of the fractions and do not permit the selection 
of a particular fraction as being unique in this process. 

It has been found by Littlefield et al. (18) that, on fractionating 
labeled liver microsomes in vivo with deoxycholate, the RNA- 
rich deoxycholate-insoluble fraction becomes labeled very rap- 
idly. The results of a similar fractionation of muscle micro- 
somes (Table II) shows that at each time interval studied, the 
specific activity of the deoxycholate-insoluble fraction is very 
much higher than that of the protein of the soluble fraction, 
in accord with the results of Littlefield et al. It will be noted, 
however, that in contrast to results which would be expected 
from liver (18), the radioactivity of the protein in this active 
microsomal fraction does not greatly exceed that of the protein 
of the unfractionated mitochondria. 

Muscle Mitochondria in Vitro—Further evidence for the 
amino acid-incorporating activity of muscle mitochondria was 
obtained with use of the isolated particles. Mitochondria were 
incubated in the presence of labeled leucine in a medium which 
promotes oxidative phosphorylation in heart muscle mitochon- 
dria (25). The results, shown in Table III, demonstrate an 
energy-dependent amino acid incorporation into mitochondrial 
protein. The failure of DNP alone to inhibit completely may 
be ascribed to ATP formation resulting from substrate level 
phosphorylations which occur in glycolysis and in the oxidation 
of endogenous a-ketoglutarate. This view is supported by the 
almost complete inhibition of the incorporation obtained when 
arsenate is also added to the incubation mixture. 

Pattern of Labeling in Other Tissues—Because of the evident 
disparity between the pattern of labeling obtained in vivo with 
liver and with muscle, the relative rates of amino acid incorpora- 
tion into the microsomes and mitochondria of other tissues 
were studied in order to ascertain which pattern was predomi- 
nant. Table IV shows the results of such experiments in which 
liver, muscle, pancreas, and kidney are compared. In all tissues 
but muscle, the rate of incorporation of leucine by the protein 
of the microsome fraction exceeds that of every other fraction; 
however, the 4- to 5-fold difference apparent in the liver is not 
duplicated in the other tissues, guinea pig kidney showing a 
3.3-fold difference and guinea pig pancreas only a 1.8-fold differ- 
ence (at the 2 minute time interval). 

Since these results suggested that the mitochondria of a num- 
ber of tissues other than muscle might well be capable of in- 
corporating amino acids into protein, this process was rein- 
vestigated in the liver, isolated mitochondria being used. It 
was found that liver mitochondria are capable of incorporating 
labeled amino acids into protein at an appreciable rate. Further 
studies were carried out using liver mitochondria, because these 
particles can be obtained more conveniently and in greater yield 
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TaBie I 


Incorporation in vivo of labeled leucine and phenylalanine into 
subfractions of mitochondrial preparation from rat skeletal muscle 

















Standard specific activity* 
Fraction isolated Leucine-1-C« — 
1 min.t § min.t 3 min.t 
c.p.m./mg. protein | <b-m./me- a 
2000 X g, 15 min...... 0.80 31 2.9 
3000 X g, 15 min 0.56 32 3.9 
3500 X g, 30 min...... 0.52 32 4.4 
4000 X g,30min......| 0.52 31 2.3 
4400 X g, 60 min...... | 0.54 32 1.7 











* Standard specific activity is the measured specific activity 
corrected to a 200 gm. rat weight and to 1.0 X 10’ c.p.m. injected. 
It is equal to observed specific activity X weight of rat in grams + 
200 X 1.0 X 10’ + e.p.m. injected. 

t Time that elapsed between injection of amino acid and chill- 
ing of excised tissue. 


TABLE II 


Incorporation in vivo of labeled leucine into mitochondria and into 
fractions of deorycholate-treated muscle microsomes 





Standard specific activity* 
Fraction _ 
5 min. 





15 min. 





c.p.m./mg. protein c.p.m./mg. protein 


Deoxycholate-insoluble...... 14.4 30.8 
Deoxycholate-soluble......... 2.2 9.0 
Unfractionated mitochondria. 10.8 22.3 





* See footnotes to Table I. 


than muscle mitochondria, and because they are more active 
than the latter in amino acid incorporation. 

When ATP is generated by oxidative phosphorylation with 
succinate as the substrate, DNP or anaerobiosis inhibits leucine- 
1-C™ incorporation almost completely (Table V). The failure 
to observe a complete dependence on added AMP may be 
ascribed to the presence of some endogenous AMP. The omis- 
sion of the liver-soluble fraction produces an inhibition of in- 
corporation which may be completely alleviated by the addition 
of the pH 5 fraction (Tables V and VI). It may be seen that 
oxidative phosphorylation is also required for lysine incorpora- 
tion, and similar results have been obtained in studies on valine- 
1-C™ incorporation into cytochrome c (10). 

Amino acid incorporation into mitochondria may also be 
supported by ATP-generating systems which are independent 
of electron transport. For example, oxidative phosphorylation 
can be replaced by a system which utilizes CP or 3-PGA for the 
generation of ATP (Table VI). In the presence of the appro- 
priate enzymes, either added creatine kinase, phosphoglycero- 
mutase, enolase, or pyruvate kinase, (the latter three are already 
present in sufficient quantity in the liver-soluble fraction), 
and a small amount of ADP or ATP, continuous regeneration 
of ATP occurs. As is shown in Table VI, amino acid incorpora- 
tion is completely dependent upon the presence of CP or 3-PGA. 
The presence of ADP is also required, although this requirement 








Tas_e III 


Incorporation of leucine-1-C' into protein 
of isolated muscle mitochondria 

The reaction mixture for the complete system consisted of the 
following additions: a-ketoglutarate (10.0 uwmoles), AMP (1.2 
umoles), ADP (1.2 umoles), cytochrome c (0.08 umoles), potassium 
phosphate buffer, pH 7.4 (30.0 umoles), KF (80 umoles), MgCl: 
(10 wmoles), ethylenediaminetetraacetic acid (4.0 umoles), pDL- 
leucine-1-C" (1.25 umoles containing 2.0 X 10° c.p.m.), 0.2 ml. of 
mitochondrial suspension (about 3 mg. of protein), and 0.1 ml. 
of muscle-soluble fraction, made up to a final volume of 2.0 ml. 
with 0.25 m sucrose. The final concentration of DNP was 2.0 X 
10-‘ m and of sodium arsenate was 0.01 m. The flasks were incu- 
bated in air at 37° for 20 minutes. 





Conditions Specific activity 





c.p.m./mg. protein 
Comaiele apitete 2) ee. 8.1 





—a-Ketoglutarate, -AMP,+DNP....... 4.0 
—a-Ketoglutarate, —AMP, +DNP, + 

EN, oi o> oon ands edO RO Ee wl a 2.3 

Complete system, zero-time experiment..... 2.0 





Tasie IV 


Incorporation in vivo of pt-Leucine-1-C* into proteins 
of particulate fractions of various tissues* 
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TABLE V 
Dependence on oxidative phosphorylation of incorporation of 
labeled amino acids into protein of liver mitochondria 

The complete incubation mixture contained the following ad- 
ditions: histidine buffer, pH 7.4 (40 wmoles), MgCls (5 umoles), 
cytochrome c (1.2 X 10-* umoles), AMP (8 umoles), KH:PO, (10 
umoles), succinate (10 umoles), pL-leucine-1-C" (0.31 umoles con- 
taining 5.0 X 10° c.p.m.), or lysine-1-C (0.34 wmoles containing 
2.8 X 10° c.p.m.), liver-soluble fraction (0.2 ml.), and the mito- 
chondria obtained from 1.0 gm. of liver, in a final volume of 1.0 
ml. The mixture was incubated in air for 20 minutes at 37°. 
The pH 5 fraction was prepared according to Hoagland et al. (15). 
The DNP was present at a final concentration of 2.0 X 107‘ m. 











Specific activity 
Conditions 
Leucine-1-C™ Lysine-1-C™ 
c.p.m./mg. protein | c.p.m./mg. protein 
Complete system............... 19.1 14.3 
— succinate, -AMP.......... 7.2 
a Aneeyieg pings 1.8 1.9 
—Liver-soluble fraction....... 7.5 
—Liver-soluble fraction + pH 
DMRS hack Pend. feos 19.1 
Nitrogen atmosphere........... 1.0 
Zero-time experiment........... 0.3 0.5 
Zero-time experiment*. ........ 3.0 











Standard specific activity (c.p.m./mg. protein) 














Fraction Rat Guinea pig 
Liver Muscle Pancreas Kidney 
2 min. | 2 min. | 5 min. | 2 min. 5 min. 5 min. 
Microsomes......... 35 0.16 29 180 552 145 
Mitochondria....... 8 0.22 | 33 99 227 44 
Nuclei (debris)..... 12 15 75 94 42 
Zymogen granules. . 37 157 
Myofibrils.......... 17 
Soluble fraction. ... 5 18 61 153 28 




















* See footnotes to Table I. 


is only a partial one, probably because of the presence of some 
endogenous ADP. Although ATP itself supports amino acid 
incorporation to some extent, it is not as effective, in the con- 
centrations used, as is the creatine phosphate system. It is 
difficult at present to interpret the dependence of amino acid 
incorporation on Mg** inasmuch as creatine kinase possesses 
such a requirement. The nature of the dependence on the 
liver-soluble fraction is under investigation at the present time. 
The fact that the liver-soluble fraction can be replaced by the 
pH 5 fraction is suggestive that some of the requirements of this 
system may be similar to those of the microsomes (15). The 
failure to observe an absolute requirement for the soluble frac- 
tion suggests that the mitochondria may already contain some 
of the necessary factors supplied by this fraction. The ability 
of externally generated ATP (from CP or 3-PGA) to replace 
that formed inside the mitochondria, together with a requirement 
for the pH 5 fraction, suggest that if some active form of amino 
acid is formed in the medium outside the mitochondria, it must 
be able to reach the active site of incorporation. 

Isolation of Labeled Leucine and Labeled Peptide Fractions from 


* In this sample, the protein was washed without redissolving 
it in NaOH. (See section on Incubation Procedure and Treat- 
ment of Protein under ‘‘Materials and Methods’’). 


TasLe VI 


Dependence of leucine-1-C'4 incorporation into mitochondrial 
protein on presence of added ATP-generating system 

Complete System I contains the following additions: histidine 
buffer, pH 7.4 (40 ymoles), MgCl. (5 umoles), ADP (2.5 umoles), 
CP (13 wmoles), creatine kinase (0.1 mg.), pi-leucine-1-C" (0.31 
umoles containing 5.0 X 10° c.p.m.), liver-soluble fraction (0.2 
ml.), and the mitochondria obtained from 1.0 gm. of liver, in a 
final volume of 1.0 ml. The mixture was incubated in air for 20 
minutes at 37°. The pH 5 fraction was prepared according to 
Hoagland et al. (15). The composition and incubation conditions 
of complete System II were identical with System I except that 
20 wmoles of 3-PGA replaced the CP and creatine kinase was 
omitted. 








Conditions Specific activity 

c.p.m./mg. protein 
ee ee eee 19.3 
pitta tr saints isis Rede aulk de 1.6 
I Sah AS Bald sini cilals. coe 63's 5 «sik: 8 31d 12.1 
ete 0h at he teewa d,s 4s wb« bon Lz 
—ADP, —CP, +ATP (0.01 m)*.......... 9.8 
—ADP, —CP, +ATP (0.02 m)*.......... 8.9 
SE hese eeeiiesa ad gee. Ladse iwc 5.9 
—Liver-soluble fraction................. 9.2 
—Liver-soluble fraction + pH 5 fraction. 16.0 
Zero-time experiment................... 0.9 
Comiphete Byetem TE. .... kel. 22.0 
ETM ois PEG REN ES ee wd 1.9 








* Final concentration. 
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Protein—Mitochondrial protein labeled with leucine was com- 
pletely acid-hydrolyzed and the hydrolysate was subjected to 
paper chromatography (n-butanol-acetic acid-H,O, 4:1:1) and 
the paper was then eluted. No counts were found other than 
in the leucine-isoleucine band. 

In order to determine whether the labeled leucine had actually 
been incorporated into the protein chain, a series of peptide 
fractions was isolated from a partial acid hydrolysate (26) of 
leucine-labeled mitochondrial protein, by paper chromatograph- 
ing the hydrolysate successively in two solvent systems, and the 
eluted fractions were counted. In addition, some peptide frac- 
tions were analyzed for their amino acid composition by paper 
chromatography. It may be seen (Table VII) that the Rp 
values ranged from about 0.029 to 0.80 in the butanol system 
and from 0.12 to 0.89 in the pyridine system. Nearly all of the 
final fractions contained radioactivity. It might be pointed 
out that after each chromatographic step, any bands whose 
Ry values approximated that of free leucine were discarded. 
(This operation, as well as the cutting of pilot strips, accounts 
for the recovery of only 70 per cent of the original radioactivity). 
It may be noted that each band probably consists of a collection 
of peptides possessing similar Ry values. It is also to be ex- 
pected that some free unlabeled amino acids other than leucine 
or isoleucine were present in the different bands. 

The wide variety of labeled peptide fractions obtained suggests 
that leucine was bound to protein by peptide bonds. However, 
these results do not constitute final proof that leucine has been 
incorporated into the interior of the protein chain, since the 
formation of an “active” derivative of leucine could lead to 
acylation of, for example, exposed amino groups of mitochondrial 
proteins. That such acylation can occur has recently been 
demonstrated by Zioudrou et al. (27), who have shown that 
mitochrondrial proteins may be acylated in this way non- 
enzymically by labeled tyrosyl adenylate, or they may be 
acylated enzymically by labeled tyrosine amide. Similar results 
using aminoacyl adenylates and microsomal protein have been 
obtained simultaneously by Castelfranco et al. (28). 

Evidence that Mitochondria per se Are Active Particles—Be- 
cause of the relatively high specific activity attained in vitro 
(Table VIII) by the protein of microsomes, in comparison with 
that of mitochondria, it was necessary to consider (a) the pos- 
sibility that the mitochondrial preparation might have been 
contaminated with microsomes or with the even more active 
(18) small RNA granules described by Palade (29), and (6) that 
these microsomal components rather than the mitochondria 
were responsible for the amino acid incorporation. Several 
experiments were designed to test this possibility. 

Leucine-1-C™ was injected into a rat in an amount sufficient 
to label with high specific activity the liver microsomal protein 
during a short time interval. The liver was homogenized and 
the 800 x g and mitochondrial fractions were removed from the 
homogenate by the same centrifugation procedures used in the 
usual mitochondrial isolation method, leaving a supernatant 
fluid containing labeled microsomes suspended in the soluble 
cytoplasm. This supernatant fluid was added to a second, 
unlabeled, whole homogenate of liver, and the mitochondrial 
fraction was isolated and washed in the usual manner. Any 
labeled microsomes carried down by the mitochondria would be 
detectable by the presence of radioactivity in the isolated 
protein. The specific activities of the microsomal and mito- 
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chondrial protein were found to be 1081 and 2.2 ¢.p.m. per mg. 
of protein respectively. It can be seen that if 1 mg. of mito- 
chondrial protein is contaminated by an amount of protein 


TaBLe VII 
Radioactivity content of peptide fractions isolated from partial acid 
hydrolysate of mitochondrial protein labeled with leucine-1-C™ 
207.7 mg. of mitochondrial protein containing 3470 c.p.m. were 
subjected to partial hydrolysis. (See the text for conditions and 
for chromatography procedure.) The Rp of u-leucine in the first 
solvent was 0.56; in the second, 0.54. 

















, | Rei | Total radi 
Rr —— pyridine Amino acid composition of fraction activity in 
ns 
0.029 | 0.12 21 
|} 0.33 alanine, arginine, asparagine, 538 
glutamine, glycine, leucine, 
lysine, proline, serine, thre- 
onine, valine 
0.076 0.15 39 
0.71 88 
0.11 0.15 0 
0.26 2 
0.36 18 
0.89 alanine, asparagine, gluta- 142 
mine, glycine, leucine, thre- 
onine, valine 
0.16 0.17 0 
0.22 glutamine, glycine, leucine, 104 
methionine, phenylalanine, 
serine, tyrosine 
0.33 s 
0.23 0.17 4 
0.30 3 
0.43 2 
0.67 28 
0.81 alanine, asparagine, cystine, 469 
glutamine, glycine, histi- 
dine, leucine, lysine, proline, 
serine, threonine, valine 
0.29 0.41 26 
0.87 41 
0.47 0.22 583 
* 0.33 ll 
0.67 82 
0.65 0.22 alanine, glycine, leucine 168 
0.68 44 
0.89 4 
0.80 0.30 21 
0.89 25 
Sr ey ty eer ee 2471 
Total c.p.m. in protein used.................... 3470 








* n-Butanol-glacial acetic acid-H,O (4:1:1). 
t Pyridine-H,O (4:1). 
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TasLe VIII 


Effect of RNase on incorporation of leucine-1-C' into protein of 
cell-particulate fractions of liver 





Specific activity 
Fraction incubated* 








Found Calculated 
. c.p.m./mg. protein c.p.m./mg. protein 
Mitochondria................. 16.0 
ND 5.2 05th ss cube o Xe oes 27.0 
Microsomes................... 98.2 
ND Se Sloweere Sa oss 3.7 
Mitochondria (4.5 mg.)ft + 
Microsomes (7.1 mg.)f.... 74 66.3 
ie ND aise rave ckaes sve 10.0 12.7 











* Incubation conditions were the same as those given for Ex- 
periment 1, Table VI. The final concentration of RNase was 0.5 
mg. per ml. 

t Milligrams of dry protein. 


containing a total of 2 c.p.m. and the specific activity of the 
microsomal protein is about 1000 c.p.m. per mg., this represents 
a contamination of 2 ug. of microsomal protein per mg. of 
mitochondrial protein, or about 0.2 per cent. In our experi- 
ments, the usual specific activity of the mitochondrial protein 
is, at the least, 15 c.p.m. per mg. of protein; of the microsomal 
protein about 70 c.p.m. per mg. of protein, and of the protein of 
the small granules about 350 c.p.m. per mg. of protein. Con- 
tamination of 1 mg. of unlabeled mitochondrial protein by 2 
pg. of microsomal protein would lead to a specific activity for 
the mitochondrial protein of 0.14 c.p.m. per mg., and contamina- 
tion by 2 ug. of small granules would result in a specific activity 
of 0.70 c.p.m. per mg. of protein. Both these figures are at 
least an order of magnitude below the actual specific activity of 
the mitochondrial protein so that it is unlikely that radioactivity 
in the mitochondria could be accounted for by simple copre- 
cipitation of major components of the microsomal fraction. 
However, these results do not exclude the possibility that 
certain active microsomal components are so closely associated 
with mitochondria that they are inseparable by differential 
ultracentrifugation. 

Stronger evidence has been obtained by studying the effect 
of RNase on incorporation into the two particulate fractions. 
Zamecnik and Keller (3) have shown that RNase at a concentra- 
tion of 50 wg. per ml. completely inhibits incorporation of 
leucine-1-C™ into liver microsomal protein. On the other hand, 
even at concentrations 10-fold higher than that used by Zamecnik 
et al., no inhibition of mitochondrial incorporation could be 
observed (Table VIII); indeed, higher levels of RNase exert a 
stimulatory effect. An RNase assay performed at the end of 
the incubation showed that the added enzyme retained full 
activity. Furthermore, RNase can inhibit microsomal in- 
corporation while mitochondria are present in the medium 
(Table VIII). 

Deoxyribonuclease, shown by Allfrey et al. (4) to inhibit 
labeled amino acid incorporation into the protein of thymus 
nuclei, had no effect on the mitochondrial incorporating system. 


DISCUSSION 


The results of these studies provide evidence for the ability of 
the mitochondria to play a direct role in the cellular incorpora- 
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tion of amino acids. The results obtained with muscle, pancreas, 
and kidney are not in accord with the seemingly insignificant 
role played by mitochondria, as evidenced by studies on liver, 
It appears that the relative role played by each structure varies 
with the tissue. The fact that nuclei, microsomes, and mito- 
chondria are able to incorporate amino acids into protein may 
mean that all highly organized structures of the cell play a role 
in protein synthesis. ’ 

The incorporating ability of isolated mitochondrial prepara- 
tions strengthens the view that the activity resides in the mito- 
chondria themselves and does not result from a transfer of 
labeled protein from the microsomes. Further, the relatively 
high labeling of the muscle mitochondrial fraction in vivo, and, 
in particular, the lack of inhibitory effect of RNase on liver 
mitochondria, excludes any appreciable labeling of the mito- 
chondrial protein resulting from contamination by highly labeled 
components of the microsome fraction; and this is therefore 
consistent with the view that the mitochondrial structures 
themselves are capable of incorporating amino acids into protein. 
The mechanism of the stimulatory effect (as much as 4-fold’) of 
RNase on leucine incorporation into mitochondrial protein is 
under investigation. It is of particular interest that, in these 
mitochondrial preparations, in which no evidence of microsomal 
contamination can be found, analyses for RNA consistently give 
values of from 0.9 to 1.0 mg. of RNA per 100 mg. of protein. 

Whether or not leucine-1-C“ has been incorporated into the 
interior of the protein molecule can be demonstrated unequiv- 
ocally by the study of its incorporation into a protein, at least 
part of whose amino acid sequence is known. Amino acid 
incorporation into such a protein (cytochrome c) has recently 
been demonstrated (10), and it is hoped that further studies on 
this protein will provide conclusive evidence for the position of 
labeled amino acid. The relstionship between amino acid 
incorporation and de novo protein synthesis has not been touched 
upon here for lack of evidence. It is hoped that further studies 
on cytochrome c will provide information on this crucial point. 


SUMMARY 


Results obtained from studies on labeled amino acid incorpora- 
tion into mitochondria, both in vivo and with the isolated 
particles, show that mitochondria are able to incorporate 
amino acids into protein. The incorporation process is a prop- 
erty of the mitochondria per se, and the incorporated amino 
acid appears to be present in peptide linkage, although final 
proof that the amino acid has been incorporated into the interior 
of the protein chain is lacking. 

Amino acid incorporation into isolated mitochondria is de- 
pendent upon a supply of adenosine triphosphate which may be 
generated by oxidative phosphorylation or by added adenosine 
triphosphate-generating systems. Incorporation is also aided 
by the presence of magnesium ion, liver-soluble fraction, or the 
pH 5 enzyme fraction, and is stimulated by pancreatic ribo- 
nuclease. 


Acknowledgment—The very capable assistance of Miss Jean 
Lucas is gratefully acknowledged. 


7 Canellakis, Z. N. and Simpson, M. V., unpublished observa- 
tions. 
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The recent development of synthetic (1, 2) and semisynthetic 
(3) media that support the survival and propagation of mam- 
malian tissue cultures has made it possible to determine the 
specific amino acid requirements of many cell lines. A remark- 
ably similar pattern of essential and nonessential amino acids 
has been found for chick embryonic heart fibroblasts (4), Strain 
L cells (3), HeLa cells (5), Walker carcinosarcoma No. 256 (6), 
rabbit fibroblasts (7), and human and malignant cells (8). 
With nearly all cell types, arginine, histidine, cystine or cysteine, 
methionine, leucine, isoleucine, lysine, phenylalanine, tyrosine, 
threonine, tryptophan, and valine were required. A consistent 
finding in all these investigations has been that arginine is 
required for the survival and propagation of all tissue cultures 
so far tested. 

Recent studies on the metabolism of amino acids and related 
compounds in rats (9-11) have emphasized the key role of 
arginine in preventing the toxicity resulting either from ex- 
cessive quantities of essential amino acids or from ammonia. 
This importance of arginine under conditions in vivo prompted a 
detailed study of its metabolic function in tissue cultures. 
The results reported in the present communication confirm in a 
quantitative manner the previous observation that arginine is 
essential for the survival of chick embryonic heart fibroblasts 
(4) and show that arginine can be replaced by high levels of 
citrulline but not by ornithine. Inhibition by canavanine has 
been demonstrated and shown to be reversed specifically by 
arginine, and the relationship of urea and ureidosuccinic acid 
to the arginine requirement investigated. 


MATERIALS AND METHODS 


Tissue cultures were prepared from the heart muscle of 11- 
day-old chick embryos by the method described previously 
(4, 12). The tissues were cultivated in standard Pyrex test 
tubes in completely synthetic media (1, 2) without the addition 
of plasma, serum, or other uncharacterized substances. Each 
culture contained approximately 1 mg. of tissue, wet weight, as 
determined by total protein measurement (13). The standard 
control medium was M150 (2), a modification of Morgan’s 199 
(1), which contains 70 mg. per liter of L-arginine hydrochloride in 
addition to a complete supplement of essential and nonessential 
amino acids. Various other synthetic media were prepared by 
the omission of certain amino acids from the basic formula of 
M150 (1, 2). The composition of these media is described in 
Table I. All media were freshly prepared at frequent intervals 
and sterilized by passage through ultrafine fritted glass filters. 
The arginine, citrulline, and ornithine used in these studies were 


tested on paper chromatograms and shown to be chromato- 
graphically pure. 

Throughout these experiments, the nutritional depletion 
technique (14) was used, since this procedure has been shown to 
intensify the tissue culture response to essential growth factors, 
Following the initial 3 day period in balanced salt solution, the 
synthetic media were added and were subsequently removed 
and replaced twice each week until death of the cultures. The 
experimental design and the method of evaluating the cultures 
have been described in detail in previous publications (4, 12, 14). 
The significance of differences in survival times was calculated 
by the alternate ¢ test, where required. 

Arginine was determined by the Sakaguchi reaction, as modi- 
fied by Weber (15). Citrulline and urea were measured by the 
method of Kawerau (16). Ornithine was determined by the 
method of Chinard (17). In addition to these determinations, 
paper chromatographic studies on the used culture media were 
made (18, 19). 


RESULTS 


Arginine Requirement of Chick Embryonic Heart Fibroblasts— 
A basic synthetic medium was prepared, containing no arginine 
(M629, Table I), and to this medium were added graded levels of 
arginine, citrulline, or ornithine. The results of these experi- 
ments are summarized in Fig. 1. It is evident (Curve A) that 
a uniform response curve is obtained with increasing concentra- 
tions of arginine. Graded levels of citrulline (Curve B) show 
no effect on culture survival until a concentration of 10 mg. per 
liter is reached. Above this figure, a marked increase is shown 
and at 1000 mg. per liter the culture survival is equal to that 
effected by an equivalent amount of arginine. With ornithine 
(Curve C), no effect on culture survival was found at any con- 
centration. 

Metabolism of Arginine, Citrulline, and Ornithine by Chick 
Heart Fibroblasts—The used media were aspirated from the 
cultures during the twice-weekly fluid renewals and arginine, 
citrulline, and ornithine determined by colorimetric chemical 
methods (15-17). A rapid decrease in the arginine content of 
the medium was found. At the period of greatest culture 
activity (18), this loss totaled 85 to 90 per cent of the initial 
concentration. When citrulline, rather than arginine, was 
present in the medium, it also showed a marked decrease, totaling 
80 per cent at the maximum period. Under comparable condi- 
tions, little, if any, decrease in the ornithine content of the 
medium could be detected. Parallel chromatographic studies 
on these media showed that decrease of arginine was not accom- 
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panied by formation of citrulline or ornithine. These results 
suggest that disappearance of arginine from the culture medium 
represents an actual uptake by the cells and cannot be attrib- 
uted to degradation resulting from arginase activity. 

Inhibition by Canavanine and Its Reversal—Since canavanine 
has been shown to be a competitive antagonist for arginine in 
other systems (20), its behavior in tissue cultures was investi- 
gated. Graded levels of this analogue were added to synthetic 
medium M150, containing arginine, and to M629, containing 
no arginine, and the effect on culture survival determined (Fig. 2). 
When the culture medium contains arginine (Curve A), a pro- 
gressive inhibition of culture survival is obtained, even at low 
concentrations of canavanine. This inhibition becomes very 
sharp at canavanine levels greater than 10 mg. per liter. When 
arginine is not present in the culture medium (Curve B), no 
inhibition is detected until the canavanine concentration exceeds 
1 mg. per liter. Higher concentrations produce a progressively 
greater inhibition. 

A synthetic medium was prepared (M1383, Table I) containing 
a toxic concentration of canavanine (10 mg. per liter). To 
this medium were added graded levels of arginine, citrulline, or 
ornithine and the effect on culture survival was determined 
(Fig. 3). It is evident that the toxicity of canavanine is com- 
pletely reversed by arginine (Curve A), but that neither citrulline 
nor ornithine showed any reversal activity (Curves B and C). 

Effect of Urea on Survival of Chick Heart Cultures—In view 
of the demonstration that urea may have a positive role in 
arginine synthesis under suboptimal conditions (21), its effect 
on the survival of chick embryonic heart cultures was investi- 
gated. Graded levels of urea were added to the complete 
medium M150, to a medium deficient in arginine, and to a 
medium containing a toxic level of canavanine (Table I). The 
effect of these various media on culture survival is summarized 
in Fig. 4. 

The addition of urea to the complete medium (Curve A) 
causes a moderate increase in culture survival, with optimal 
activity exerted at a concentration of 100 mg. per liter. When 
arginine is omitted from the medium (Curve B), urea again 
causes a@ moderate increase in culture survival. In this case, 
however, the optimal activity is exerted at a much lower con- 
centration (0.01 mg. per liter). In the presence of a toxic 
level of canavanine (Curve C), urea, at any concentration, is 
completely unable to effect reversal of the toxicity. 

Effect of Ureidosuccinic Acid (Carbamyl Aspartate) on Survival 
of Chick Heart Cultures—The possible relationship between the 
cell requirement for arginine and pyrimidine biosynthesis was 
investigated through studies on the effect of ureidosuccinic acid. 
The results of these experiments are presented in Fig. 5. The 
incorporation of graded amounts of this compound in a synthetic 
medium deficient in arginine (Curve A) caused a moderate 
increase in tissue culture survival. The most effective level 
was found to be 0.01 mg. per liter. When the synthetic medium 
contained a low level of arginine (Curve B), a moderate response 
to ureidosuccinic acid was again obtained, with maximum effect 
at the same concentration. In the presence of citrulline (Curve 
C), the response to ureidosuccinic acid is very slight and requires 
a higher concentration (0.1 mg. per liter). When the synthetic 
medium contains ornithine (Curve D), ureidosuccinic acid does 
not prolong culture survival. Ureidosuccinie acid also proved 
completely unable to reverse the toxicity of canavanine (Curve E). 
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Since the synthesis of arginine from guanidoacetic acid has 
been shown to occur in rats (22), the behavior of this compound 
was investigated in the present test system. No replacement 
of arginine could be demonstrated at any concentration studied 


TaBe [ 
Amino acid composition of basic synthetic media used 








Medium No. Amino acid content* 

M150 Complete basal medium. Contains 70.0 mg. per 
liter L-arginine HCl 

M629 M150 with arginine omitted 

M1568 M629 plus 0.1 mg. per liter L-arginine 

M1551 M629 plus 1 mg. per liter L-citrulline 

M997 M629 plus 100 mg. per liter L-ornithine 

M1383 M150 with arginine omitted and 10 mg. per liter 
canavanine added 








* All other ingredients of these media were identical with the 
formula of M150 (1, 2), which contains a complete supplement of 
essential and nonessential amino acids, vitamins, purines and 
pyrimidines, certain accessory growth factors, and inorganic 
ions. 
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Fic. 1. Response of chick embryonic heart cultures in arginine- 
deficient medium to graded levels of arginine (Curve A), citrulline 
(Curve B), and ornithine (Curve C). 
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Fic. 2. Effect of graded levels of canavanine on survival of 


chick heart tissues cultivated in complete synthetic medium 
(Curve A), and in arginine-deficient medium (Curve B). 
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Fia. 3. Effect of graded levels of arginine (Curve A), citrulline 
(Curve B), and ornithine (Curve C) on survival of chick heart tis- 
sues cultivated in a medium containing a toxic level of canavanine. 
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Fia. 4. Effect of graded levels of urea on survival of chick heart 
tissues cultivated in complete medium M150 (Curve A), arginine- 
deficient medium (Curve B), and medium containing a toxic level 
of canavanine (Curve C). 
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Fig. 5. Response of chick embryonic heart cultures to graded 
levels of ureidosuccinic acid added to arginine-deficient medium 
(Curve A), suboptimal arginine medium (Curve B), suboptimal 
citrulline medium (Curve C), high ornithine medium (Curve D), 
and toxic canavanine medium (Curve E). 
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and the compound proved completely unable to reverse the 
toxicity of canavanine. 


DISCUSSION 


Arginine has been established as an essential amino acid 
for the survival and propagation of many mammalian tissues 
cultivated in vitro (3-8) and has recently been shown (23) to 
maintain active rates of cellular proliferation without renewal 
of medium. Despite these observations, the exact metabolic 
function of arginine in such systems has not been elucidated. 
The present studies have shown that chick embryonic heart 
cultures require arginine for maximal survival in a suboptimal 
synthetic medium and that the arginine requirement can be re- 
placed by high levels of citrulline but not by ornithine. It 
should be noted that these observations were made in a synthetic 
medium which contains a complete supplement of both essential 
and nonessential amino acids, including aspartic acid, glutamic 
acid, and glutamine, as well as adenosine triphosphate, magne- 
sium ions, and ammonium ions. Additional experiments in this 
laboratory have indicated that the arginine response curve is 
markedly affected by the concentrations of glutamic acid 
and/or glutamine in the culture medium. This finding is in 
agreement with recent studies on amino acid metabolism in rats 
(9-11) and suggests that further investigation on the metabolism 
of arginine and related compounds in tissue culture is warranted. 

In microbiological systems (20, 24, 25), the toxicity of cana- 
vanine has been found to be completely reversible by arginine 
and, to some extent, by citrulline and ornithine. In the present 
system, the toxicity of canavanine can be reversed completely 
by arginine, but citrulline and ornithine are entirely ineffective. 
These results suggest that canavanine inhibits the conversion of 
citrulline to arginine by the tissue cultures. This suggestion 
is in agreement with the results obtained with a kidney trans- 
amidinase preparation (26), in which it was demonstrated that 
canavanine interferes with arginine synthesis from citrulline 
by competitively inhibiting the synthesis of argininosuccinic 
acid. In this step of metabolism, therefore, chick embryo 
heart cultures appear to exhibit the same pattern of activity as 
mammalian kidney tissue. 

Urea has been shown to be utilized as a nitrogen source by 
rats on limited amino acid diets (21). In the present studies, 
urea was found to have a beneficial effect in the presence of 
arginine, to be effective at lower concentrations in the absence 
of arginine, and to have no effect on the toxicity of canavanine. 
It appears probable, therefore, that in this test system urea is 
functioning as a general nitrogen source rather than as a member 
of the arginine cycle. 

Ureidosuccinic acid, which is thought to be an intermediate 
in the biosynthesis of pyrimidines from arginine (27), was 
found to enhance culture survival whether or not the medium 
contained arginine or citrulline, but no effect was observed 
when the medium contained only ornithine. No effect on the 
toxicity of canavanine was observed at any concentration. It 
should be noted that the stimulation by ureidosuccinic acid 
occurred in a nutrient medium that contained thymine and uracil 
but not orotic acid or uridylic acid. The relationship of this 
finding to the comparative value of preformed and biosynthesized 
pyrimidines in cell nutrition remains to be determined. 

The results reported here emphasize the importance of arginine 
in cell nutrition studies and indicate that only part of the 
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Krebs-Henseleit cycle is functioning in chick embryo heart 
muscle. Since the criterion employed in these experiments 
has been survival rather than rapid proliferation, the conditions 
may be considered as somewhat analogous to nitrogen balance 
studies in man (28). Thus, it would appear that tissue cultures 
provide a sensitive test system for determining the metabolic 
interrelationships of specific amino acids. 


SUMMARY 


1. Arginine has been shown to be essential for the survival 
of chick embryonic heart fibroblasts cultivated in vitro in com- 
pletely synthetic media containing a complete supplement of 
both essential and nonessential amino acids. 

2. The arginine requirement of the tissue cultures could 
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be replaced by high concentrations of citrulline but not by 
ornithine. Urea and ureidosuccinic acid were slightly stimula- 
tory but could not replace the arginine requirement. 

3. Canavanine was found to be strongly inhibitory to tissue 
culture survival. The toxicity of this compound could be 
completely reversed by arginine, but not by citrulline, ornithine, 
urea, or ureidosuccinic acid. 

4. The results are interpreted as indicating that the arginine 
cycle is functioning only in part in chick embryonic heart tissue, 
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The enol tautomers of the aromatic a-keto acids combine in- 
stantaneously and reversibly with borate to form complexes of a 
mixed ester-anhydride structure, thereby displacing the apparent 
keto-enol equilibrium in favor of the enol tautomer. The enol 
tautomer and its borate complex have strong absorption in the 
300 my region (1). This strong absorption is the basis of the 
spectrophotometric methods described here for the assay of five 
rat liver enzymes which catalyze either the formation or utiliza- 
tion of aromatic pyruvates. The principle is a general one by 
which reactions forming or removing aromatic a-keto acids can 
be followed by changes in the optical density of the enol borate. 

Brief accounts have been published of the use of this method 
with p-hydroxyphenylpyruvate oxidase (2) and tyrosine-a-keto- 
glutarate transaminase (3). The present paper describes in 
greater detail the assays of these two enzymes and of three other 
enzymes: phenylalanine-pyruvate, histidine-pyruvate, and tryp- 
tophan-a-ketoglutarate transaminases. Emphasis has been 
placed on the identification and control of the factors affecting 
these enzyme activities in crude preparations of rat liver. The 
separation of the reactions, one from the other and from other 
transaminations occurring in the same preparations, will be the 
subject of a separate communication. With the present assays 
the levels of the enzymes have been measured in crude liver 
extracts of rats after various experimental treatments (2, 3). 


EXPERIMENTAL 


Materials—Keto-enol tautomerase was purified from hog kid- 
neys as described by Knox and Pitt (1). It catalyzed the tauto- 
merization of both phenylpyruvate and pHPP, and was free of 
demonstrable p-hydroxyphenylpyruvate oxidase and of tyrosine 
and phenylalanine transaminase activities. Partially purified 
preparations of p-hydroxyphenylpyruvate oxidase were kindly 
supplied by Dr. 8. E. Hager and Dr. T. Tanaka. t-Amino acid 
oxidase was the crude dried venom of Agkistrodon piscivorus 
piscivorus obtained from Ross Allen’s Reptile Institute, Silver 
Springs, Florida. 

Phenylpyruvate (4) and indolylpyruvate (5) were synthesized 
by reported methods. Imidazolylpyruvate was prepared im- 
mediately before use by the complete oxidation of known 
amounts of histidine with the L-amino acid oxidase in the pres- 
ence of catalase. All other compounds used were obtained from 
commercial sources. All of the amino acids used were of the 
L-configuration. 


*This work was supported by United States Atomic Energy 
Commission Contract No. AT(30-1)-901, to the New England 
Deaconess Hospital, and United States Public Health Service 
Grant A567. 


Preparation of Enzymes—For the assay of all activities except 
tryptophan transaminase, fresh rat livers were homogenized for 
2 minutes in a Waring Blendor with 9 ml. of 0.005 n NaOH in 
0.14 m KCI per gram of tissue. The homogenate was centrifuged 
for 40 minutes at 13,000 to 14,000 x g. For the less active 
tryptophan transaminase the tissue was homogenized with 4 ml. 
of the solvent per gram of liver, and the homogenate was centri- 
fuged in a Spinco centrifuge at 100,000 x g for 30 minutes. The 
clear portion of the supernatant fraction was decanted and used 
within a few hours for each of the enzyme assays. All operations 
were carried out at 5° and the enzymes were kept in ice baths. 
All enzymes showed full activity during several hours under these 
conditions. 

Identification of Reaction Products—Under the conditions of 
the p-hydroxyphenylpyruvate oxidase assay the disappearance 
of the 310 my absorbing enol and enol borate of pHPP did not 
result in the accumulation of any products absorbing at this 
wave length (Fig. 1). This showed that no significant quanti- 
ties of homogentisate or maleylacetoacetate accumulated. This 
enzymic reaction leads to the formation of fumarate (malate) 
and acetoacetate (6). 

All four transamination reactions here studied required (a) the 
aromatic amino acid, (6) either pyruvate or a-ketoglutarate, and 
(c) pyridoxal phosphate. The requirement for the coenzyme 
was shown by a doubling in activity when pyridoxal phosphate 
was added to the assay systems for the transamination of tyro- 
sine and tryptophan in extracts of normal liver, and to those of 
phenylalanine and histidine in extracts of livers from pyridoxine 
deficient rats. 

The aromatic a-keto acids formed from the aromatic amino 
acids by the enzymic transaminations were identified by the 
keto-enol difference spectra (Fig. 2) and by paper chromatog- 
raphy. The pHPP formed from tyrosine was also identified by 
its oxidation with p-hydroxyphenylpyruvate oxidase (Fig. 6). 
Alanine and glutamate in the reaction mixtures were identified 
by chromatography (Table I). 

Determination of Aromatic Pyruvates by Keto-Enol Difference 
Spectrum—The enhancement of absorption of the aromatic 
a-keto acids by borate was used both for the identification (see 
previous section) and for the measurement of the a-keto acids. 
For these determinations the transamination reactions were car- 
ried out in phosphate or in tris(hydroxymethyl)aminomethane 
buffers instead of borate and the other components were added 
as shown in Table II. 

The reaction was stopped by addition of 1.0 ml. of 20 per cent 
metaphosphoric acid to 3 ml. of reaction mixture. The aro- 
matic pyruvates were measured by the following procedure. A 
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, ies . = 0.5 ml. aliquot of the filtrate was added to 3.0 ml. of 2.0 m arse- 
to nate, pH 6.5 (keto sample) and another 0.5 ml. aliquot was 
1.0F A added to 3.0 ml. of 1 m borate in 2 M arsenate, pH 6.5 (enol-borate 
sample). The arsenate greatly accelerated the equilibration of 
the keto and enol tautomers with the enol borate (1). After 15 
minutes the spectrum of the enol-borate solution was determined 
with the arsenate keto solution as its blank. The difference 
8 spectra of the four compounds, which are not identical with the 
_ simple spectra of the enol borates of these compounds, are illus- 
n trated in Fig. 2. Under the conditions used, the molar extinc- 
z tion coefficients (€) of the a-keto acids in the difference spectra 
ul 6r were: indolylpyruvate, 12,700 (332 my); imidazolylpyruvate, 
12,000 (293 my); pHPP, 12,400 (310 my); and phenylpyruvate, 
sept 2 9,150 (300 mu). By this method the products of the transamina- 
for 4 tion reactions could be recognized as aromatic a-keto acids and 
I in % 4+ quantitatively measured. 
oa Oo Continuous Spectrophotometric Enzyme Assays—The trans- 
tive B amination of aromatic amino acids and the oxidation of pHPP 
a were measured by continuous spectrophotometric assays in borate 
tri. oF buffers. In the assay of p-hydroxyphenylpyruvate oxidase and 
The of tyrosine and phenylalanine transaminases, keto-enol tauto- 
aul merization of the aromatic pyruvates was made nonlimiting by 
a Cc the addition of purified hog kidney keto-enol tautomerase. This 
the . ; mn tautomerase did not catalyze the tautomerization of indolylpy- 
cae 280 300 320 340 360 ruvate or imidazolylpyruvate (1) and was therefore omitted in 
‘ My the tryptophan and histidine transaminase reactions. Fortu- 
s of Fic. 1. Absorption curves of the p-hydroxyphenylpyruvate nately, vga pra ycsast 9 pry sgatray of imidasoly!- 
nce oxidase assay system before (A) and after (C) the reaction of pavanane ne OS ware nes Be ” me —_ ng after the 
not 0.5 ml. of enzyme with 0.4 wmoles of pHPP for 20 minutes. No initial mamuke oF: CH, SHER with histidine Wanssmination rates 
this significant accumulation of absorbing substances occurred. several times those observed = the present experiments. A now 
ott. Had 0.4 wmoles of homogentisate accumulated (shown in B in  keto-enol tautomerase acting on indolylpyruvate, which will be 
his same medium) it would not have affected the assay, since the described separately, was found in excess in the crude rat liver 
ate) reaction was followed at 310 mu. extract used for tryptophan transamination. 
the 
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Fic. 2. Identification of the products of the transamination by the keto-enol difference spectra with and without borate. The 
‘ent curves represent the enhancement of the absorption of the compounds by the presence of borate. @——®@, obtained with the deprotein- 
aro- ized filtrate of the transamination reaction (carried out in phosphate buffer) with histidine (A), tyrosine (B), phenylalanine (C), and 
A tryptophan (D). O——O, obtained with the corresponding aromatic a-keto acid: imidazolylpyruvate, pHPP, phenylpyruvate, and 
indolylpyruvate respectively. The maximal difference absorption of each pair of curves were converted to 1.0 for the purpose of com- 
parison. 
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TaBLe I TaBLeE II 
Chromatographic identification of transaminase reaction products Conditions of enzyme assays 
Aliphatic | | Substrate 
Aromatic a-keto acid found —_— _ E Tauto- (7 | 
Chidecateatinn ound} Reaction nN Pig | PHt fc eto Am- Inhibitor 
| | acid | 1° 
Keto acid Rr* |Amountt wl 4 | 2s } acid 
moles 
| 
. umoles \wmoles|umoles — » Hydroxyphen- | 310 mu | 9850 8.0 1.0k 0.4f| None 
Phenylalanine- Phenylpyruvate | 0.86 | 2.3 | 2.1 | —§ ylpyruvate ox- 
pyruvate idase | 
Tyrosine-a-keto- | pHPP 0.72 | 0.93 | —§ | 1.4 Transaminases | 
glutarate Tyrosine-a- 310 9850 | 8.0) 0.5 k| 80 | 12t| 10 umoles 
Tryptophan-a- Indolylpyruvate | 0.37 | 0.94 | 0.3 | 0.8 ketogluta- DDC 
ketoglutarate rate 
Histidine- Imidazolylpyru- —§ | 1.24 | 1.0 | —§ Phenylalanine- | 310 5800 | 8.2) 0.5 k/160 |380t] None 
pyruvate vate pyruvate 
. : 7 ‘ Histidine- 310 9500 | 8.2 160 |300f| 80 umoles 
* An aliquot of the reaction mixture (no borate) was deprotein- pyruvate EDTA 
ized with metaphosphoric acid, extracted exhaustively with Tryptophan-a- | 328 14000 | 8.2 20t|120 | None 
ether, and the concentrated ether extract used for ascending ketogluta- 
chromatography. Samples from the reactions, the reaction rate 
blanks (see text) and standards were run in propionic acid-water- 


butanol (5:7:10) (7) for phenylpyruvate and pHPP, and in acetic 
acid-water (1:3) for indolylpyruvate (5). These three a-keto 
acids were detected respectively by FeCl;, Folin-Ciocalteu, and 
Ehrlich’s reagents. 

¢t Extent of the reaction, as determined by the keto-enol 
difference spectrum. 

t Aliquots of the reaction mixtures were applied directly to 
salt-treated paper for chromatography of the amino acids by the 
technique of McMenamy e¢ al. (8). Alanine was separated in 20 
hours and glutamic acid in 90 hours. Amounts were estimated 
from the density of the ninhydrin spots in comparison with stand- 
ards run on the same paper. 

§ Not higher than the trace amount present in the reaction 
blank. 

§ Determined by the difference spectra method. 


The conditions and the reagents for the assay of p-hydroxy- 
phenylpyruvate oxidase and the transaminases are summarized 
in Table II. For the assay of p-hydroxyphenylpyruvate oxidase, 
a solution of sodium pHPP (keto form), the borate buffer, and 
tautomerase were mixed and allowed to equilibrate for 5 minutes 
before the reaction was started by addition of the oxidase. In 
the assay of all the transaminases, the liver extract was preincu- 
bated for 3 to 5 minutes with 30 ug. of pyridoxal phosphate to 
assure maximal activity. Then 2.0 ml. of a solution of the 
amino acids in the appropriate borate buffer, other components 
of the system, water, and finally pyruvate or a-ketoglutarate to 
initiate the reaction were added to give a final volume of 3.5 ml. 
and a final borate concentration of 0.57 m. The optical blank 
for each reaction was a similar mixture with one of the reacting 
components omitted (Table II, Footnote 3). 

The reactions were run at 25 + 1° in 1 cm. quartz cells in a 
Beckman model DU spectrophotometer equipped with a photo- 
multiplier or in a Beckman model DK spectrophotometer with 
circulating water constant temperature jackets. The reactions 
were followed by determination of the optical densities at ap- 
propriate wave lengths (Table II) for 5 or 10 minutes with 
p-hydroxyphenylpyruvate oxidase and for 10 or 20 minutes with 
the transaminases. The rates were expressed as umoles of sub- 
strate reacting per milliliter of enzyme per 10 minutes, calculated 
from the observed optical density changes and the extinction 

















* Molar extinction coefficient of the equilibrium mixture of the 
aromatic a-keto acid and borate under the conditions of the assay 
at the given wave length (A). 

¢ Finai pH of 0.57 m borate reaction mixture. 
1 m stock solution was about 0.3 units lower. 

t Substance omitted from blank reaction mixture. The ac- 
tivities observed in the absence of pyruvate or a-ketoglutarate 
were always less than 5 or 10 per cent of the activities of the com- 
plete systems. 


The pH of the 


coefficients of the enol borates in the assay system (Table II). 
Under these conditions the reactions all followed zero order 
kinetics during most of the reaction period (Fig. 3) and the reac- 
tion rates were proportional to enzyme concentration (Fig. 4). 

The affinities of the enzymes for the components of their reac- 
tions are given in Table III, and the pH optima of some of the 
reactions are shown in Fig. 5. 


SPECIAL CONDITIONS FOR INDIVIDUAL ENZYME ASSAYS 


p-Hydroxyphenylpyruvate Oxidase—Under the conditions out- 
lined in Table II, the p-hydroxyphenylpyruvate oxidase activity 
of the crude liver preparations was similar to that found by 
measurement of oxygen uptake. The reaction was further char- 
acterized by its unusually high temperature coefficient and by 
its complete inhibition with DDC! (11). The supply of oxygen 
in the spectrophotometric assay was not limiting, since 0.5 ml. 
of enzyme completely oxidized the 0.4 umole of pHPP present 
during a 20 minute assay as shown by the absorption spectra 
before and after the reaction. 

The major difference between this spectrophotometric assay 
and the previously used manometric assay is the lower concen- 
tration of substrate required by the present method. Addition 
of activators, like ascorbic acid and 2,6-dichlorophenolindophe- 
nol, was unnecessary (9). The more sensitive spectrophoto- 
metric assay permitted the determination of the dissociation 
constant (K,,) of the enzyme (Table III). This value was de- 
termined graphically with the assumption that the keto form 
of pHPP was the substrate. About 60 per cent of the total 


1The abbreviations used are: pHPP for p-hydroxyphenyl- 
pyruvate; EDTA, ethylenediaminetetraacetate; and DDC, 
diethyldithiocarbamate. 





Septe 


pHPF 
keto 1 
borate 
actior 

Ty 
droxy 
the st 
If ad 
added 
most 
trans: 
pHPI 
p-hyc 
use 0 
addit 
affect 
did 1 
trans 
trans 
agent 
furth 

Ph 


alani 


OPTICAL DENSITY 


mad 
(328 
ml. | 
nase 
pyr 
nine 
p-hy 


ir 


les 


les 
TA 


I). 
der 
ace 


ac- 
the 


ut- 
ity 


ar- 
by 
ren 
ml. 
ent 
tra 





September 1958 


pHPP was present under these conditions as the nonabsorbing 
keto tautomer and 40 per cent as the strongly absorbing enol 
borate complex, calculated from the extinction coefficients of re- 
action mixtures and of the individual tautomers (1). 

Tyrosine-a-ketoglutarate Transaminase—The presence of p-hy- 
droxyphenylpyruvate oxidase in crude liver extracts prevented 
the stoichiometric accumulation of pHPP formed from tyrosine. 
If additional purified p-hydroxyphenylpyruvate oxidase was 
added to this reaction mixture, accumulation of pHPP was al- 
most completely suppressed (Fig. 6, Curve B). Since the rate of 
transamination of tyrosine was measured by the formation of 
pHPP in this assay, it was necessary to inhibit the endogenous 
p-hydroxyphenylpyruvate oxidase. This was achieved by the 
use of DDC. In the presence of this chelating agent, even the 
addition of exogenous p-hydroxyphenylpyruvate oxidase did not 
affect the transaminase assay (Fig. 6, @, Curve A). That DDC 
did not affect the activity of the tyrosine-a-ketoglutarate 
transaminase itself was demonstrated by the identity of the 
transamination rate in the presence or absence of the chelating 
agent under anaerobic conditions, where pHPP could not be 
further metabolized. 

Phenylalanine-pyrwate Transaminase—Of the four transami- 
nase reactions studied in the crude liver extract, the phenyl- 
alanine system was least subject to side reactions. There was no 


OPTICAL DENSITY 
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2 6 6 8 
MINUTES 

Fic. 3. Time course of the five reactions. All readings were 
made at 310 mu, except tryptophan-a-ketoglutarate transaminase 
(328 my). (A) Tyrosine-a-ketoglutarate transaminase in 0.5 
ml. of liver extract. (B) Tryptophan-a-ketoglutarate transami- 
nase in 1.0 ml. of concentrated liver extract. (C) Histidine- 
pyruvate transaminase in 0.8 ml. of liver extract. (D) Phenylala- 
nine-pyruvate transaminase in 0.3 ml. of liver extract. (£) 

p-hydroxyphenylpyruvate oxidase in 0.3 ml. of liver extract. 
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Fic. 4. Relation of activities to the concentrations of the super- 
natant fraction of rat liver homogenate. (A) p-hydroxyphenyl- 
pyruvate oxidase. Similar straight line curves with only slightly 
different slopes were obtained in the tyrosine-a-ketoglutarate 
and the phenylalanine-pyruvate transaminase reactions. These 
are not plotted. (B) Histidine-pyruvate transaminase activity 
from a 20 per cent liver homogenate. (C) Tryptophan-a-keto- 
glutarate transaminase from a 20 per cent liver homogenate from 
a rat injected with 100 mg. L-tryptophan/100 gm. body weight 5 
hours earlier. (This treatment nearly doubled the transaminase 
activity without affecting the activity of the indolylpyruvate 
removing enzyme.) 
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Fic. 5. Effect of pH on the activities of tyrosine-a-keto- 
glutarate transaminase (@——@); p-hydroxyphenylpyruvate 


oxidase (O——O);  phenylalanine-pyruvate transaminase 
(A——A). Corrections have been made for the variation of 
extinction coefficients of pHPP and phenylpyruvate in borate 
with pH. 


degradation of phenylpyruvate by the crude liver extract as 
shown by the stability of the optical density at 310 my of added 
phenylpyruvate for 30 minutes. 

Histidine-pyruvate Transaminase—The action of histidase on 
histidine with the formation of urocanic acid in crude liver ex- 
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Tas_e III 
Dissociation constants of enzymes and substrates 
Enzyme Amino acid a-Keto acid 
M M 
p-Hydroxyphenylpyruvate 2 X 10°'t 
oxidase* 

Transaminases 

Tyrosine-a-ketoglutarate 3.4 X 10-3 7.7 X 10 

Phenylalanine-pyruvate 1.3 X 107? 7.4 X 10-3 

Histidine-pyruvate 1.6 X 107? Li x 

Tryptophan-a-ketoglutarate 1 X 10° 1 X 10-*f 








* From a partially purified hog liver preparation. 

¢ Concentration giving half-maximal activity. All other Km 
values were determined from Lineweaver-Burke plots. Only 
one component was varied, and the others held at the usual assay 
concentrations. 
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Fic. 6. Elimination of p-hydroxyphenylpyruvate oxidase 
activity by DDC in the assay of tyrosine-a-ketoglutarate trans- 
aminase. In Curve A, one reaction, O——O, was the usual assay 
containing DDC, and the other, @——®@, contained 0.2 ml. 
purified p-hydroxyphenylpyruvate oxidase in addition. The 
latter system, with DDC omitted, which allowed pHPP to be 
oxidized, is shown in Curve B. 





tracts interfered with the spectrophotometric assay of the his- 
tidine transaminase. Although urocanic acid absorbs max- 
imally at 277 my its absorption is still significant at 310 my 
(10). When the histidase in the reaction system was not con- 
trolled, the apparent histidine transamination rate was about 
one-fifth higher than the actual rate of transamination. The 
use of 0.023 m EDTA (10) completely suppressed the histidase 
reaction. At this concentration the EDTA did not inhibit the 
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activity of a histidine transaminase preparation which was free 
of histidase activity.? 

Under the assay conditions the rate of accumulation of imi- 
dazolylpyruvate showed a departure from linearity after 6 to 8 
minutes (Fig. 3, Curve C). The apparent slowing of the reaction 
was more marked with higher enzyme concentrations. Since, 
in the absence of crude liver extracts, imidazolylpyruvate made 
with snake venom was stable under the same conditions and 
since purification of the transaminase? eliminated the later slow- 
ing, a further enzymic reaction of imidazolylpyruvate was ap- 
parently taking place in the crude system. 

Tryptophan-a-ketoglutarate Transaminase—In this assay the 
a-keto acid was omitted from the blank. Tryptophan was 
added to both the reaction mixture and the blank so that products 
formed from tryptophan via the tryptophan peroxidase pathway 
and absorbing at the wave length would be canceled out in the 
assay. 

The tryptophan-a-ketoglutarate transaminase reaction fol- 
lowed zero order kinetics for the first 5 to 10 minutes of reaction, 
and then the reaction rate decreased. When indolylpyruvate 
was added to such a crude liver extract a fairly constant decrease 
of about 0.2 optical density units per ml. of enzyme per 10 min- 
utes was observed at 328 my. The decrease in the apparent rate 
of tryptophan transamination with time observed with crude 
liver extracts was probably due to the slow action of an indolyl- 
pyruvate removing enzyme. In an ammonium sulfate frac- 
tionated tryptophan transaminase preparation, the apparent 
transamination rate did not decrease in the 20 minute assay 
period. The enzymic breakdown of indolylpyruvate in the 
crude system was not inhibited by EDTA or anaerobiosis. No 
products were detected by spectrophotometric or paper chroma- 
tographic methods. The rate of breakdown of indolylpyruvate 
in the crude system amounted to 15 to 30 per cent of the apparent 
transamination rate shown in Fig. 3. 


DISCUSSION 


The assay methods described here were developed for the de- 
termination of the enzyme activities in crude liver preparations, 
where control of side reactions was often necessary, but they are 
applicable to purified preparations without major changes. 

A spectrophotometric method based on the slight absorption 
difference between the aromatic amino acid and its a-keto acid in 
the absence of borate was used by Cammarata and Cohen (11) to 
study the transamination of phenylalanine and phenylpyruvate, 
and presumably this was the basis of the determinations reported 
by Litwack (12). In the absence of borate only about 4 per cent 
of the a-keto acid is in the enol form, and this is the component 
which absorbs differently from the parent amino acid (1). The 
present reaction, with about half of the a-keto acid present as 
the enol borate, is a much more sensitive assay. The wave 
lengths chosen also permit the use of high concentrations both 
of substrates and of crude enzyme preparations to obtain max- 
imal activities. 

The structural requirement for the spectrophotometric enol 
borate assay is a keto acid whose enol tautomer is conjugated 
with an unsaturated system. The continuous assay also re- 
quires that tautomerization be rapid and not rate-limiting. The 
discovery of a new keto-enol tautomerase acting on indolylpy- 


2 Obtained by heating the crude liver extract at 60° for 5 minutes 
followed by ammonium sulfate fractionation. 





Sept 


ruvat 
phen: 
wider 
erase 
spect 
zatio! 
Wi 
and « 
and | 
tarat 
of sil 
have 
WI 
studi 
repor 
only 
the | 
phen 
abov 
essen 
tyros 
This 
and 
with 
Tt 
and 
ously 
of o1 
(11, 
empl 
coulc 


free 


imi- 
to 8 
tion 
nee, 
ade 
and 
Oow- 

ap- 


the 
was 
ucts 
way 
the 


fol- 
ion, 
vate 
pase 
nin- 
rate 
ude 
lyl- 
rac- 
rent 
sSay 

the 

No 
ma- 
vate 
rent 


de- 
ons, 
are 


tion 
id in 
|) to 
rate, 
rted 
cent 
nent 
The 
it as 
vave 
both 
nax- 


enol 
ated 
) re- 
The 


rlpy- 


Lutes 





September 1958 


ruvate, in addition to the original tautomerase active with 
phenylpyruvate and pHPP, suggests that there may be an even 
wider occurrence of such enzymes. In the absence of the tautom- 
erase, aromatic pyruvates can be measured by the difference 
spectrum method with arsenate as the catalyst for the tautomeri- 
zation. 

With the present method, transaminations with both pyruvate 
and a-ketoglutarate have been shown for tryptophan, tryosine, 
and phenylalanine. The reaction of histidine with a-ketoglu- 
tarate was very weak or absent in rat liver extracts. A number 
of similar transaminations catalyzed by bacterial extracts have 
have also been assayed by the same method. 

Where comparison was possible the properties of the enzymes 
studied with the present method agreed in general with those 
reported in other assays. We have made a detailed comparison 
only of p-hydroxyphenylpyruvate oxidase. The comparison of 
the present method with the manometric assay of p-hydroxy- 
phenylpyruvate oxidase has been reported (9) and was discussed 
above. The observations made by the present method are in 
essential agreement with the reported properties of a purified 
tyrosine-a-ketoglutarate transaminase from dog liver (13, 14). 
This purified enzyme was inactive with pyruvate as acceptor, 
and inactive with phenylalanine, histidine, and nearly inactive 
with tryptophan. 

The existence of transaminations of phenylalanine, histidine 
and tryptophan with pyruvate or a-ketoglutarate have previ- 
ously been reported. These usually depended on the recognition 
of one or both the reaction products in crude tissue extracts 
(11, 15-18). One of the advantages of the continuous assay 
employed here was the ease with which the several reactions 
could be defined and their characteristics determined. 
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The immediate purpose of this study was to measure the ac- 
tivities of the transaminases and p-hydroxyphenylpyruvate oxi- 
dase in unfractionated tissue extracts under controlled conditions 
and in such a manner that comparisons of the activities of the 
enzymes in animals in different physiological states could be 
made. The methods described appear to be adequate for this pur- 
pose, with the reservation that tryptophan and histidine trans- 
aminations are actually somewhat more rapid than observed, 
and that changes in the rates of disappearance of indolylpyruvate 
or imidazolylpyruvate can modify the apparent rate of trans- 
amination determined in this way. 


SUMMARY 


Continuous spectrophotometric assays for five enzymes based 
on the keto-enol tautomerization and the strong ultraviolet ab- 
sorption of the enol borate complexes of aromatic a-keto acids 
have been described. This property of the borate complexes has 
been used to develop measurements of the activities of enzymes 
which either form or break down the aromatic a-keto acids. 
The enzymes studied were: p-hydroxyphenylpyruvate oxidase, 
tyrosine-a-ketoglutarate transaminase, phenylalanine-pyruvate 
transaminase, histidine-pyruvate transaminase, and tryptophan- 
a-ketoglutarate transaminase. 

Optimal conditions for the activities of these enzymes which 
may be used for the assay of these enzymes either in crude liver 
extracts or in partially purified preparations are described. 
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The biochemistry of vitamin B,. has been the subject of sev- 
eral recent reviews (1, 2, 3). Evidence currently available indi- 
cates that the vitamin is required for the reduction of formate to 
methionine and choline methyl. Indirect evidence implicates 
vitamin Bi: in thymine biosynthesis. Thymine will replace the 
Bis requirements in certain microorganisms (3) and will induce 
a reticulocyte response in pernicious anemia patients (4). Bone 
marrow cells from pernicious anemia patients exhibit a reduced 
deoxyribonucleic acid to ribonucleic acid ratio which may reflect 
impaired thymine biosynthesis (5). 

The demonstration that formate may be reduced to thymine 
methyl (6, 7) suggests that Bi. may influence thymine biosyn- 
thesis by catalyzing this reduction step. The present experi- 
ments were designed to test this hypothesis. The vitamin By. 
requirement of Lactobacillus leichmannii may be satisfied by a 
number of deoxyribosides (8). Vitamin Bi:-deficient cells were 
obtained by growing the organism with deoxycytidine. The 
results to be reported indicate that vitamin By is required for 
the reduction of formate to thymine methyl by this organism. 


EXPERIMENTAL 


A culture of Lactobacillus leichmannii was obtained from the 
American Type Culture Collection, Georgetown University. 
The solid agar medium, liquid culture medium, basal vitamin 
Bi-deficient medium, and general handling of the organism were 
the same as described in the official vitamin Biz assay procedure 
(9). For the various experiments the organism was grown in 
30 ml. of the basal medium supplemented with either 6 mug. of 
vitamin By, 60 wg. of deoxycytidine or with both Bi: and deoxy- 
cytidine, and containing between 1 and 1.5 million ¢.p.m. of one 
of the carbon-14 labeled substrates. Carbon-14 labeled sub- 
strates employed were sodium formate C™ (0.6 mc./mmole), 
glycine-1-C™ (0.58 mc./mmole), glycine-2-C™ (2.25 mc./mmole), 
pL-serine-3-C™ (2.02 mc./mmole), and t-methionine-methyl-C™ 
(2.5 me./mmole). All carbon-14 compounds were obtained com- 
mercially. 

The cells were incubated for 24 hours at 37° and luxuriant 
growth was obtained. An aliquot of each incubation was diluted 
for optical density measurement; growth was equal with Bis 
and deoxycytidine. The cell suspension was centrifuged and 
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the supernatant solution was reserved for carbon-14 assay. 
The cells were then subjected to a combined Schneider (10), 
Schmidt-Thannhauser (11) fractionation. The acid soluble frac- 
tion was obtained with cold 10 per cent trichloroacetic acid ex- 
traction; lipids were extracted with alcohol, alcohol-ether, and 
ether. The residue was incubated overnight with 1 n KOH and 
then DNA! and protein were precipitated with trichloroacetic 
acid after the incubation mixture had been neutralized with 
HCl. DNA was extracted from the residue with hot 5 per cent 
trichloroacetic acid. Aliquots of the various fractions were 
evaporated on a planchet and counted with an end window 
Geiger tube. The protein was dried and counted as a powder 
at infinite thinness. In order to determine the specific activity 
of RNA purine the RNA fractions were hydrolyzed with H.SO, 
and the purines were precipitated as the copper salt (12). The 
precipitate was suspended in HCl and free purines were regen- 
erated with H.S. An aliquot was evaporated for counting; 
purine concentration was estimated by optical density measure- 
ments at 260 mu. 

In the experiments in which thymine was isolated the frac- 
tionation procedure was the same through the precipitation of 
the DNA and protein with trichloroacetic acid. DNA was then 
extracted by heating the residue for 20 minutes at 90° with 12 
N HClO,. The protein was centrifuged off and the supernatant 
solution was heated in a boiling water bath for 1 hour to hydro- 
lyze the pyrimidine nucleotides to the free bases. The solution 
was neutralized with KOH and the precipitated KClO, was re- 
moved. The supernatant solution was put on a starch column 
and thymine eluted with n-propanol-0.5 n HCl (2:1) as described 
by Daly and Mirsky (13). An aliquot of the thymine-contain- 
ing fraction was evaporated for counting. Thymine concentra- 
tion was calculated from the optical density measurements at 
265 mu. 


RESULTS AND DISCUSSION 


The distribution of the isotope from the various substrates in 
the cell fractions is illustrated by the data in Table I. All the 
experiments were repeated at least one time and the formate 
experiments were repeated four times. Agreement between ex- 
periments was excellent. Vitamin By did not significantly in- 
fluence the utilization of any of the labeled amino acids for nu- 
cleic acid or protein synthesis. These results indicate that 
vitamin By is not required for protein biosynthesis as has been 


1The abbreviations used are: DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid. 
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suggested for animal tissues (14). The incorporation of formate 
into RNA or protein was not influenced by Biz; however, cells 
grown without Bi. incorporated significantly less formate into 
DNA. The failure of By. to affect significantly the incorporation 
of formate into protein indicates that Biz is not required for 
serine biosynthesis by L. leichmannii. The reduced incorpora- 
tion of formate into DNA by Bi-deprived cells suggested that 
thymine biosynthesis was impaired since the incorporation of 
formate into RNA was not influenced by vitamin Bi. depriva- 
tion. The next experiments were designed to test directly the 
effect of vitamin Bi, on thymine biosynthesis. 

From the data in Table II it may be seen that both formate 
and methionine methyl were actively incorporated into DNA 
thymine. A sample of DNA thymine was degraded and the 
acetole phenylosazone was formed (15). Approximately 90 per 
cent of the original thymine activity was recovered in the deriva- 
tive. It therefore appears likely that the C™ activity of thymine 
resides primarily in the methyl group. 

In the absence of precise data on pool size it is not possible to 
compare directly the relative effectiveness of the various sub- 
strates as thymine precursors. The basal medium contained 
unlabeled methionine and it seems reasonable to assume that 
the methionine pool is as large or larger than the formate pool. 
It is therefore possible that methionine methyl is a major pre- 
cursor of thymine methyl in L. leichmannii. The same reason- 
ing suggests that formate is not an intermediate in the conversion 
of methionine methyl to thymine methyl. This suggestion is 
further substantiated by comparison of the effectiveness of 
methionine methyl and formate as precursors of thymine and 
purines. Thymine isolated from organisms grown with me- 
thionine-methyl-C™ exhibited 10 times the activity of RNA 
purines from the same cells; in contrast, with formate as the 
substrate, thymine specific activity was only two times purine 
specific activity. Similar findings have been reported in in vivo 
experiments with rats (16). 

Glycine-2-C™ and serine-3-C™ appeared to be less effective 
thymine precursors than were formate or methionine methyl 
when the growth medium contained By. Vitamin By did not 
influence the incorporation of methionine methyl, glycine or 
serine into either DNA thymine or into RNA purines. Vitamin 
Biz appears to be required for the incorporation of formate into 
thymine. This most likely reflects a requirement for Bis in the 
reduction of formate to thymine methyl. Cells grown without 
Bie apparently secured their thymine methyl from precursors 
such as methionine methyl, the a-carbon of glycine and the 
B-carbon of serine. 

The pathway of conversion of formate to thymine methyl, 
and hence the exact site of action of vitamin By, remains to be 
elucidated. The first possibility to be considered would be the 
conversion of formyl tetrahydrofolic acid to the hydroxymethyl 
derivative and its subsequent reduction to thymine methyl (17). 
The present data do not support this pathway. The hydroxy- 
methyl intermediate should be in equilibrium with the 6-carbon 
of serine but serine was a less effective thymine precursor than 
was formate. Also as judged by the protein counts, By. did not 
influence the conversion of formate to serine and Bis did not 
influence the conversion of serine-3-C™ to thymine. Therefore 
it appears that in L. leichmannii, formate is converted to thymine 
methyl by a pathway not involving a hydroxymethyl] derivative 
which is in equilibrium with the 6-carbon of serine. 
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The possibility that methionine is an intermediate in the con- 
version of formate to thymine methyl also appears to be ruled 


TaBLe I 


The influence of vitamin B,: on the utilization of various carbon-14 
labeled substrates by Lactobacillus leichmannii* 

















Carbon-14 substrates 
Fraction Growth medium Son, Methio- 
mete nine | Serine |Glycine |Glycine 
cu methyl-| 3-C™ | 1-C# 2-c4 
cu 
Supernatant | Bi y 43.6 (81.5 (89.4 |74.0 
Supernatant | Deoxycytidine |19.4 (43.5 (62.5 |74.5 |72.9 
Supernatant | Deoxycytidine |23.9 |43.9 |77.5 |82.6 |74.0 
+ Biz 
Acid-soluble | Bis 0.66 | 0.46 | 1.42 | 0.33 | 0.76 
Acid-soluble | Deoxycytidine | 0.91 | 0.34 | 0.93 | 0.48 | 0.76 
Acid-soluble | Deoxycytidine | 0.75 | 0.24 | 0.85 | 0.56 | 0.57 
+ Bu 
Lipide Bu 0.06 | 0.19 | 0.02 | 0.23 | 0.19 
Lipide Deoxycytidine | 0.05 | 0.05 | 0.02 | 0.33 | 0.12 
Lipide Deoxycytidine | 0.04 | 0.11 | 0.03 | 0.06 | 0.19 
+ Bis 
RNA Bis 0.59 | 3.43 | 0.45 | 3.78 | 2.30 
RNA Deoxycytidine | 0.47 | 3.35 | 0.72 | 3.41 | 3.72 
RNA Deoxycytidine | 0.47 | 3.98 | 0.64 | 3.32 | 3.70 
+ Bis 
DNA Bu 0.39 | 1.63 | 0.77 | 0.67 | 0.78 
DNA Deoxycytidine | 0.14 | 1.16 | 1.00 | 0.75 | 0.98 
DNA Deoxycytidine | 0.39 | 1.50 | 0.67 | 0.78 | 0.82 
+ Bis 
Protein Bis 0.029) 5.70 | 0.95 | 4.70 | 4.56 
Protein Deoxycytidine | 0.028) 5.66 | 0.86 | 3.80 | 4.35 
Protein Deoxycytidine | 0.030) 5.85 | 0.92 | 5.05 | 4.35 
+ Buy 

















* The results are expressed as percentage of the added counts. 


TaBLeE II 


The influence of vitamin By on the biosynthesis of thymine and 
purines by Lactobacillus leichmannii 








Total 

. DNA thy- RNA 
Substrate —- Growth medium wo ha purines 

wiltlons _——-, per | ¢.p.m. per 
pumoles pmoles 
Formate-C"* 1.18 | Bis 9825 4351 
Formate-C" 1.18 | Deoxycytidine| 1974 2493 
Methionine-methyl-C™ | 1.04 | Bis 10096 1075 
Methionine-methyl-C'™ | 1.04 | Deoxycytidine| 8188 1713 
Glycine-2-C"™ 1.22 | Bi 3890 1713 
Glycine-2-C"* 1.22 | Deoxycytidine| 4735 1609 
Serine-3-C" 1.42 | Bis 2012 61 
Serine-3-C"™ 1.42 | Deoxycytidine| 2580 56 
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out by the data presented. In such an event cells grown with 
formate C™ would label methionine to such an extent that the 
protein counts should be comparable to those obtained from 
methionine-C" incubations. The total protein counts from for- 
mate incubations were less than 1 per cent of those obtained 
from methionine C'-incubations. 

Since formate appears to be a major source of thymine methy] 
in bone marrow cells (18), this demonstrated requirement for 
Biz in the conversion of formate to thymine methyl may explain 
the anemia of Bi: deficiency. Experiments are in progress to 
extend these studies to bone marrow cells. 


Vitamin Bz and Thymine Biosynthesis 


Vol. 233, No. 3 


SUMMARY 


Lactobacillus leichmannii was grown with either vitamin Bj, 
or deoxycytidine and in the presence of formate C™, glycine-1- 
C™, glycine-2-C", serine-3-C™, or methionine methyl-C“. The 
incorporation of the isotope into ribonucleic acid purines, deoxy- 
ribonucleic acid thymine, and into protein was determined. 
Vitamin Bi: did not influence the utilization of any of the labeled 
amino acids for purine, thymine, or protein synthesis. The con- 
version of formate to thymine required By2. It is suggested that 
vitamin B, is necessary for the reduction of formate to thymine 
methyl by a pathway not involving methionine or a hydroxy- 
methyl] intermediate. 
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On the Recognition and Estimation of 
Denatured Deoxyribonucleate 
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(Received for publication, February 7, 1957) 


The problem of judging the quality of preparations of deoxy- 
ribonucleate has been considered by many workers, and a 
number of procedures that may be used for this purpose have 
been described (1-5). The present paper is concerned with a 
somewhat different approach to the problem of estimating the 
extent of denaturation which has proved to be a useful supple- 
ment to the other available methods. It involves examination 
of the sample of DNA for properties which are characteristic of 
denatured rather than of undenatured DNA and which can be 
measured in the presence of a preponderance of the undenatured 
DNA. This paper deals with the use of two such properties: 
(a) at constant temperature, the ultraviolet absorption of de- 
natured DNA varies with the concentration of salt (9, 3) under 
conditions in which that of undenatured DNA does not (3, 7), 
and (6) at constant salt concentration, the ultraviolet absorption 
of denatured DNA varies substantially with temperature under 
conditions in which that of undenatured DNA is almost con- 
stant. Some procedures for the estimation of denatured DNA 
which are based on these facts are described. 


EXPERIMENTAL 


Two preparations of DNA from calf thymus were used. 
Preparation T; was made by chioroform-octanol deproteinization 
of nucleohistone as described elsewhere (10). Preparation T, 
was made by the method of Kay et al. (11), except that the 
nucleate was dissolved in 0.01 m NaCl where the procedure calls 
for solution in water. Both preparations appear to be “native,” 
according to certain previously described tests (2, 4, 5). 

All solutions were made in water that had been twice re- 
distilled in glass. The stock solutions of DNA (1 to 2 mg./ml.) 
were made in H.O or in 0.01 m NaCl at 3° and stored at this 
temperature.2 Heat-denatured DNA was made by heating 
such stock solutions to 94° for 20 minutes. Water-denatured 
DNA was made by diluting the DNA (into H,0 at room tem- 
perature) to about 0.002 per cent as described by Thomas (3); 
the salt concentrations were adjusted when necessary by addi- 
tion of strong salt solutions or of solid NaCl. 

Beckman thermospacers were used to maintain the solution 
at the desired temperature during the measurements of optical 


1 Discussion and definition of the terms denatured, undena- 
tured, and degraded may be found elsewhere (2, 3, 5-8). The 
term denatured is used here to refer to the original preparations 
which were made by procedures which avoid or minimize con- 
ditions that are known to cause denaturation. 

2 It was found that no detectable denaturation occurs when 
the DNA is dissolved and stored in water at this concentration 
and temperature. 


density, D, with a Beckman model DU spectrophotometer. 
E(P) is the molar extinction coefficient with respect to phos- 
phorus (12). The designations E(P)o, E(P)s2, Do, De, ete., 
refer to E(P) or D at the temperature indicated by the sub- 
script. The values of E(P) and D given are not corrected for 
changes of the specific volume of the solvent with temperature. 
Since the shape of the ultraviolet absorption spectrum does not 
change materially with variation of salt concentration (9) or of 
temperature, only the values of E(P) or D at 260 my are given 
(as determined at about 0.002 per cent DNA in 1 cm. cells). 


RESULTS 


Dependence of E(P) on Salt Concentration and Temperature— 
The dependence of the E(P) of water-denatured and heat- 
denatured DNA on salt concentration at various temperatures 
is shown in Fig. 1.3 

Curve H of Fig. 2 gives the E(P) of undenatured DNA at 
various salt concentrations and temperatures. Results in 1 m 
NaCl, 0.001 m MgCl, and 0.01 m MgCl, (not plotted) practically 
superimpose on those shown for 0.1 m NaCl. The temperature 
range is for each salt concentration within the stability range of 
the DNA since in every case E(P)22 was unchanged asa result of 
exposure to any of the other temperatures. 

Curves A through G of Fig. 2 show the reversible variation 
with temperature of the E(P) of heat-denatured DNA at a 
number of different salt concentrations. The finding that the 
results at low concentrations of Mg++ are close to those at high 
concentrations of NaCl is in accord with earlier findings (9) 
that Mg++ is bound far more tightly by alkali-denatured DNA 
than is Na*.‘ Similar experiments were also carried out with 
DNA that had been denatured by exposure to acid (pH 2.3) or 
alkali (pH 12.2). Although the absolute values of E(P) were 
not exactly the same, the changes of optical density with tem- 
perature and salt concentration were similar to those shown for 


* The variations of E(P) with temperature shown in Figs. 1, 2, 
4 and 5 proved to be reversible. 

‘ Following the discovery by Thomas (3) of the “water dena- 
turation’’ of DNA, the preparation of DNA used for the work 
previously described (9) was further examined by procedures 
similar to those of Thomas; the results showed that the spectral 
and conductometric titrations given for ‘‘native DNA’’ (9) were 
undoubtedly performed on material that had been partially de- 
natured by the process of diluting the concentrated aqueous stock 
solutions of the DNA into distilled water at 25.3° before addition 
of salt. These particular titrations are therefore descriptive of 
partially denatured, rather than of native, DNA, as was assumed 
at that time. 
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heat-denatured DNA in Figs. 1 and 2. At much higher con- 
centrations of DNA (up to at least 0.1 per cent) the effects of 
varying the salt concentration and temperature on E(P) proved 
to be quite similar to those found in dilute solutions of DNA. 
Fig. 3 deals with certain additional aspects of the phenomenon 
of “water denaturation.” In agreement with Thomas (3), a 
sharp and only partially reversible rise of E(P) is noted as the 
concentration of NaCl is reduced below 10-* m at 22° (Curve 1). 
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Fig. 1. Variation of E(P) of denatured DNA with salt concen- 
tration at different temperatures. Preparation T, used. Water- 
denatured DNA: Curve 1, E(P)22; Curve 2, E(P)o. Heat-dena- 
tured DNA: Curve 3, E(P)ss; Curve 4, E(P)ss; Curve 6, E(P)22; 
Curve 6, E(P)o. 
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Fie. 2. Dependence of E(P) of DNA on temperature of meas- 


urement at various concentrations of salt. Curves A to G, heat- 
denatured DNA: A, in H,0; B, in 0.001 m NaCl; C, in 0.01 m NaCl; 
D, in 0.1 m NaCl; £, in 0.001 m MgCl; F, in 0.01 m MgCl; G, in 
M NaCl. Curve H, undenatured DNA: 0, in 0.01 m NaCl; X, in 
0.1m NaCl. Preparation T; used. 
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Fie. 3. Dependence of E(P) of DNA on salt concentration at 
different temperatures. All solutions were made by 50-fold 
dilution of a solution of DNA-T; (1 mg. per ml. in water) into 
solutions of NaCl or of H,O that were maintained at either 22° 
of 0°. Curve 1, E(P)22 of solutions made at 22°. Curve 2, E(P)> 
of solutions made at 0°. Curve 3, E(P)o of solutions that were 
made at 22° and then cooled to 0°. Curves 1 and 3 represent data 
obtained with the same series of solutions. 
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Fig. 4. Tests for denatured DNA in mixtures. Curve 1, Doo — 
Do. Curve 2, Dxs — Dug. Preparation T: used. Nucleic acid 
phosphorus = 6.25 X 10° mole per liter. 


The absence of such a rise at 0° (Curve 2)* indicates that water 
denaturation is inhibited at this temperature, even in the com- 


5 Inasmuch as the data given by Curves 1 and 2 were obtained 
with different stock solutions, no significance should be attached 
in this particular case to the small differences between E(P) 2 
and E(P)> that are shown at the higher concentrations of salt. 
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plete absence of added salt. The values of E(P)o given by 
Curve 2 proved to be stable for at least 2 hours, and, by contrast 
with findings at room temperature (9, 3), were not changed by 
the addition of NaCl to any of the solutions.* It is seen that 
E(P) becomes temperature-dependent at the same salt con- 
centration (about 10-* m NaCl) at which denaturation begins, as 
judged by irreversible increase of E(P)22. 

Tests for Denatured DN A—Fig. 4 presents results of a typical 
experiment with mixtures of undenatured and denatured DNA. 
The DNA (2 mg. per ml.) was dissolved in 0.01 m NaCl, and a 
sample of this was denatured by heating to 95° for 20 minutes. 
Dilutions containing varying ratios of undenatured and de- 
natured DNA in 0.01 m NaCl were made from these concentrated 
stock solutions at room temperature (22°); the total concentra- 
tion of DNA was the same in every case. 

Curve 1 of Fig. 4 relates the difference between the optical 
density at 22° and 0° (Dz. — Do) to the percentage of denatured 
DNA in the mixture. The test for denatured material illustrated 
by Curve 2 of Fig. 4 is based on the earlier observations that 
the optical density of denatured DNA is lower in 0.01 m MgCly 
than in 0.01 m NaCl (9), whereas that of undenatured DNA is 
the same in the two salts (3). With each mixture the optical 
density was determined in 0.01 m NaCl, and again determined 
after addition of sufficient m MgCl to make the solution 0.01 m 
in MgCle. Results are given as (Dyx — Dwg), the difference 
between the optical density in 0.01 m NaCl and in 0.01 m NaCl — 
0.01 m MgCl, (corrected for change of volume). It is evident 
that the increments of (De. — Do) and the absolute values of 
(Dya — Dyg) are both closely proportional to the percentage 
of denatured DNA in the mixtures. 

Fig. 5 presents typical results obtained with solutions of DNA 
(in 0.01 m NaCl) that had been partially denatured to varying 
degrees, essentially as described by Thomas (3), by exposure for 
20 minutes to the temperatures indicated along the abscissa. 
The results show that the increase of (De. — Do) parallels the 
progressive and irreversible increase of D which Thomas (3) 
described. Experiments analogous to those described in Fig. 5 
also showed a similar parallelism between increase of (Dya — 
Dyg) and the rise of D2: (in 0.01 m NaCl).?_ It is clear, therefore, 
that with partially denatured DNA the values of (Dx. — Do) 
and (Dy, — Dwg) provide a measure of the extent of denatura- 
tion. 

Values of De. to Do (in 0.01 m NaCl) for the Preparations T; 
and T, fell between 1.004 and 1.007. No reproducible dif- 
ference was observed among the preparations, probably because 
an uncertainty of +0.001 optical density units would introduce 
an uncertainty of about +0.002 in Dx. to Do. The values of 
Dz to Do (in 0.01 m NaCl) of several samples of heat-denatured 
DNA that were made from the same preparations fell between 
1.14 and 1.16. 

The solutions of DNA in NaCl that were employed in the 
present studies had pH values between 6.6 and 7.0 (measured 


6 When the cold solutions (including those to which additional 
salt had been added) were brought to 22°, the values of E(P)22 
at the various salt concentrations were close to those given by 
Curve 1; upon recooling, the values of E(P)o were close to those 
given by Curve 3. The transition between Curves 3 and 1 is 
reversible on subsequent change of temperature. 

7 It is evident (see Fig. 2) that the value of D in 0.01 m NaCl 
provides a more sensitive indication of denaturation than D in 
0.1 m NaCl or 0.01 m MgCle. 


J. Shack 
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TEMPERATURE OF EXPOSURE 
Fic. 5. Test for denaturation with partially denatured DNA. 


@, Dx; O, Do; HH, Doz — Do. Preparation T, used. Nucleic 
acid phosphorus = 7.84 X 10-5 mole per liter. 


at room temperature), but possessed only the slight buffering 
power contributed by the DNA. Therefore, some experiments 
similar to those described in Figs. 1 and 2 were carried out in 
the presence of both dilute phosphate buffer (pH 6.6 to 7.0) 
and NaCl. The results were so similar to those obtained with- 
out buffer as to show that only an insignificant part, if any, of 
the optical changes that have been described could be due to 
changes of pH that may result from addition of neutral salts (9) 
or change of temperature. 


DISCUSSION 


It is evident that the extent of the rise of optical density that 
results from denaturation of DNA depends on both the salt 
concentration and the temperature at which the measurements 
are made. 

It was observed, with denatured DNA, (a) that more salt is 
required to depress E(P), the higher the temperature, and (6) 
that the temperature range in which the major change of E(P) 
occurs is higher, the greater the concentration of salt. In the 
light of various other studies of the denaturation of DNA (7, 8) 
it seems likely that these changes of E(P) are related to an 
increased flexibility of the denatured molecule that results from 
rupture of the hydrogen-bonded structure. 

The maximal amount of denatured DNA in the original 
“undenatured” preparations can be estimated from such equa- 
tions as 


(Dyna — Dug)u 
per cent denatured DNA = 100 agp (1) 
and 
i (De — Deu 
ent denatured DNA = 100 ——————— (2) 
per cen a (Da — Doda 


in which the subscripts u and d refer to “undenatured”’ and 
denatured DNA, respectively. 

Application of Equation 1 to the data given by Curve 2 of 
Fig. 4 shows no evidence, within the limits of accuracy, of the 
presence of denatured DNA; the same result was obtained with 
Preparation T;. The values of Dx» to Do for undenatured 
(1.004 to 1.007) and denatured (1.14 to 1.16) DNA give 3.7 + 
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1.3 per cent denatured DNA by Equation 2. However, in view 
of estimates from Equation 1 it seems possible that the small 
changes of the E(P) of undenatured DNA with temperature 
may be characteristic of undenatured material and not the 
result of some degree of denaturation or the presence of some 
denatured DNA. In such a case the content of denatured DNA 
in an unknown sample should be calculated from the more 
general equation 


(Dz — Do)s — (Dn — Dou 
A=1 
per cent denatured DN 00 (Du — Deda — (Da — Dr) 7 





in which (Do. — Do), is the value obtained with the unknown. 

Similar estimates of percentage of denaturation may, of course, 
be made with partially denatured DNA. However, the exact 
meaning of such calculated percentages is not entirely clear 
since, in this case, it is not known what fraction of the molecules 
may be either undenatured, partially denatured, or wholly 
denatured (8, 10). 

It is evident from Figs. 1 and 2 that other combinations of 
salt concentration and temperature could also be used for 
estimation of denatured DNA. It is also probable that various 
other properties of denatured DNA might serve as the basis for 
similar methods. 

It may be assumed, with a material as complex as DNA, that 
application of numerous procedures of many different types 
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would be useful in judging the integrity of preparations as well 
as in the ultimate definition of the native state. The method 
described in this paper differs in an important respect from 
those in which one compares the absorption increments that 
occur on raising or lowering pH or on heating with the values 
assumed for ‘native’ DNA. The assignment of the ideal 
absorption increments for “native”? DNA appears to be based 
on the fact that these are the maximal values thus far obtained 
with carefully prepared material rather than on direct demon- 
stration that such preparations contained no denatured DNA. 
It is possible that the ideal absorption increments for certain 
new species of DNA may prove to be significantly different 
from those values. Procedures of the type described in this 
paper can yield more direct estimates of the extent of denatura- 
tion and thus help to define more exactly the significance of the 
observed absorption increments. 


SUMMARY 


The ultraviolet absorption of denatured deoxyribonucleic 
acid changes reversibly with both salt concentration and tem- 
perature. Part of these changes occur within a range of condi- 
tions where the absorption of the undenatured material is 
independent of salt concentration and nearly independent of 
temperature. These facts form the basis for some procedures 
which are described for the estimation of denatured, in the 
presence of undenatured, deoxyribonucleic acid. 
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Our studies on the chemistry of active sulfate led to the dis- 
covery of a rather curious structure (1). Active sulfate was 
found to be an adenosine derivative which, in addition to the 
hitherto quite unknown phosphosulfate in 5’ position, contained 
a second phosphate, bound in 3’ position, 


9 9 ADENINE 


“O-$-0-P-0-CH, 0 
Soa 
0 OH 
O+ P-O- 
he 


The synthesis of such a structure, we felt, rather obviously re- 
quired a two-phase enzymatic synthesis. There were, however, 
two interesting alternatives for visualizing a synthesis of this 
particular structure. It appeared possible (and, indeed, in the 
beginning we were very intrigued with this possibility) that the 
initial step might involve a phosphorylation in 3’ position of 
ATP yielding an adenosine tetraphosphate, adenosine-3’-mono- 
phosphate-5’-triphosphate, followed by sulfurylation through 
displacement of the terminal pyrophosphoryl group. The other 
possibility, and this turned out to be the true mechanism, was 
the reverse sequence: (a) displacement of the pyrophosphoryl 
grouping in ATP by sulfate, yielding APS, and (b) phospho- 
rylation in the 3’ position. 

Our early attempt to split the liver system into two separate 
fractions ran into difficulties and we therefore profited from 
Wilson and Bandurski’s (2) demonstration that, using yeast ex- 
tract, the over-all synthesis of active sulfate could be separated 
into two steps, catalyzed by two enzymatic fractions. The prog- 
ress of our work was further facilitated by the publication by 
Baddiley et al. (3) of a rather simple method for chemical syn- 
thesis of APS which had been stimulated by our earlier work on 
sulfate activation (4). The abundant availability of APS made 


* This investigation was supported in part by a research grant 
from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service; and from the National 
Science Foundation. 

1The following abbreviations are used: PAPS, 3’-phospho- 
adenosine-5’-phosphosulfate; PAP, 3’,5’-diphosphoadenosine; 
APS, adenosine-5’-phosphosulfate; IPS, inosine-5’-phosphosul- 
fate; P, inorganic phosphate, PP, inorganic pyrophosphate; Tris, 
tris(hydroxymethyl)aminomethane; EDTA, ethylenediamine- 
tetraacetic acid. 


it possible to study with considerable ease the first step catalyzed 
by ATP-sulfurylase. 

In this and the following paper (5) we shall report on the iso- 
lation from yeast of the two enzymes involved in the enzymatic 
synthesis of PAPS. We shall briefly describe a yeast enzyme, 
ADP-sulfurylase, which catalyzes the reaction of APS with in- 
organic phosphate or arsenate. In the second paper (5), the 
further purification of ATP-sulfurylase will be described and 
some data on liver ATP-sulfurylase will be included. A rational- 
ization will be attempted on the use of, and apparent need for, 
2 moles of ATP in the process of active sulfate synthesis. 


MATERIALS AND METHODS 


Crystalline ATP and other nucleotides were purchased from 
Pabst Laboratories and the Sigma Chemical Company. Phos- 
phoenol pyruvate was purchased from the California Foundation 
for Biochemical Research. S**-labeled sulfate and P® phos- 
phate were obtained from the Oak Ridge National Laboratories. 
P*-labeled PP was prepared by the pyrolysis of K,HPO,; it 
usually contained about 3 per cent of the radioactivity as P. 
Crystalline inorganic pyrophosphatase was the generous gift of 
Dr. M. Kunitz. Hexokinase was prepared by Drs. E. W. Davie 
and D. M. Geller, and glucose-6-phosphate dehydrogenase was 
prepared by Dr. M. E. Jones. Crystalline lactic dehydrogenase 
was purchased from the Worthington Biochemical Corporation, 
and pyruvate kinase was generously supplied by Dr. J. D. Greg- 
ory. 

The pH measurements referred to in the enzyme preparation 
were made with a Beckman pH meter previously standardized 
with buffer at room temperature. The alkaline (NH4)2SO, used 
contained 2 mmoles of EDTA and 40 mmoles of KOH per liter 
and was saturated at cold room temperatures. Where not spec- 
ified, dialysis was carried out for 16 to 24 hours at 2° against 
0.02 m Tris, 10-* m EDTA at pH 7.5. 

Preparation of APS—This compound was prepared by the 
method of Baddiley et al. (3) and was purified by chromatography 
on Dowex 1. AMP, prepared from muscle (Sigma Chemical 
Company), was used for the preparation of APS since 5’-AMP 
prepared from yeast was found to contain detectable amounts of 
PAP. For APS determination, the assay system for ATP-sul- 
furylase described below was used routinely. 

The reaction product from 400 mg. of AMP with the SO;- 
pyridine complex was diluted to 100 ml. with water and applied 
to a 1.6 X 10 cm. Dowex 1-formate column. The column was 
operated at 2°. It was washed successively with 0.8 m NH, 
formate (200 ml.), 3 m formic acid plus 0.05 m NH, formate 
(200 ml.), water (50 ml.), and 0.3 m NH, formate (50 ml.). 
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APS was eluted with 4 m formic acid 0.3 m NH, formate. The 
first 20 ml. were discarded; the next 100 ml. were collected and 
immediately lyophilized as in the preparation of PAPS (1). The 
residue was dissolved in a small amount of water and adjusted 
to pH 7 to 8 with a little 2m KOH. The purpose of washing the 
column with 3 m formic acid-0.05 m NH, formate was to remove 
any PAP that might be present in the AMP. The product was 
usually about 50 per cent APS, the rest was AMP formed from 
APS during lyophilization (cf. 1). The method described by 
Baddiley et al. (3) for gradient elution with NH, formate at 
pH 5 is probably more satisfactory than the method described 
here, since the product should not undergo hydrolysis during 
subsequent isolation steps and the lithium salt of pure APS is 
easily isolated from the column eluate. Recently Reichard et al. 


TaB_eE I 


Comparison of PAPS formation and sulfate-dependent 
phosphate formation* 








Time PAPS SO.=-dependent PP, P/2 
min. pmoles/ml. pmoles/ml. 
0 0 0 
5 0.21 0.23 
10 0.42 0.40 
15 0.56 0.52 











* PAPS was determined by the catalytic assay of Gregory and 
Lipmann (12). For sulfate-dependent phosphate determination, 
the basic incubation mixture contained 0.1 m Tris hydrochloride, 
pH8.5;0.01MATP; 0.01 m MgCl.; and sulfate-free enzyme solution, 
Fraction III, in a final volume of 1 ml. Incubation tubes were 
set up in pairs and were identical except that one tube was made 
0.02 m with respect to K2SO, while no sulfate was added to the 
othertube. If partially purified preparations were being assayed, 
10 wg. of crystalline pyrophosphatase were added to each tube. 
The reaction was stopped by boiling for 2 minutes and denatured 
protein was removed by centrifugation. Analyses were carried 
out on the supernatant fluid. If only SO.--dependent P forma- 
tion was being determined, the reaction was stopped with cold 
trichloroacetic acid. 
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Fie. 1. Substrate concentration curve for over-all sulfate ac- 
tivation reaction. The assay was carried out as described in the 
text. The enzyme preparation was undialyzed Fraction III. 
The P values on the ordinate are corrected for the small release 
of P in the absence of added SO,-. 
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(6) have synthesized and isolated APS by an independent 
method. IPS was prepared from IMP in the same way as APS, 
except that 5 n formic acid plus 1 n NH, formate was used to 
elute it from Dowex 1. Paper electrophoresis showed that the 
product was probably an approximately equimolar mixture of 
IMP and IPS. 

Inorganic phosphate was measured by the method of Fiske 
and SubbaRow (7). PP was routinely measured as P after di- 
gestion with inorganic pyrophosphatase as described below. 
Protein was determined turbidimetrically with trichloroacetic 
acid, with bovine serum albumin as a standard (8), or was cal- 
culated from ultraviolet absorption by Kalckar’s formula (9). 
Paper electrophoresis was carried out as described previously 
(1). ATP was determined spectrophotometrically with hexo- 
kinase and glucose-6-phosphate dehydrogenase (10). ADP was 
determined by the oxidation of DPNH in the presence of phos- 
phoenol pyruvate, pyruvate kinase, and lactic dehydrogenase 
(11). 


Assay Procedures 


Over-All Sulfate Activation—PAPS formation from ATP may 
be followed conveniently be determining nitrophenol disap- 
pearance in the presence of liver phenol sulfokinase as described 
previously (1), or by using the catalytic PAP-PAPS assay of 
Gregory and Lipmann (12). More recently, since the yeast 
system can rather easily be freed of inorganic sulfate, the some- 
what faster, indirect method of Wilson and Bandurski (2) was 
adopted which measures sulfate-dependent P liberation from 
ATP with excess pyrophosphatase present. As illustrated in 
Table I, the formation of 2 moles of sulfate-dependent phosphate 
is equal to the formation of 1 mole of PAPS. The specific ac- 
tivity of the enzyme preparations is expressed in uymoles of PAPS 
formed per mg. of protein per hour under the standard assay con- 
ditions. Sulfate-dependent P released from ATP is saturated 
at a SO. concentration of 0.02 M as is illustrated in Fig. 1. 

ATP-Sulfurylase—Since the equilibrium of the sulfurylase re- 
action is far in the direction of ATP and inorganic sulfate, it is 
most convenient to measure the reaction in reverse, 7.e. the forma- 
tion of ATP from APS and PP. The basic incubation mixture 
contained 0.1 m Tris hydrochloride, pH 8.5; 0.003 m PP; 0.003 
M APS; 2 X 10-‘m MgCl; and the enzyme in a final volume of 
0.2 ml. Crude extracts were dialyzed before being assayed. 
In measuring the enzyme concentration during the early stages 
of purification, it was necessary to inhibit inorganic pyrophos- 
phatase by omitting MgCl.. ATP-sulfurylase activity in the 
absence of added Mg++ was found to be approximately 60 per 
cent of that under standard conditions. Incubation mixtures 
were set up by placing the same amount of assay mixture in all 
tubes, making the appropriate additions of APS and enzyme, 
and incubating for 15 minutes at 37° in test tubes calibrated at 
10 ml. The reaction was stopped by heating in a boiling water 
bath for 90 seconds. After chilling in an ice bath, 0.02 ml. of 
0.1 m MgCl, and 0.1 ml. of pyrophosphatase solution (100 ug./ 
ml.) were added and the tubes were kept at 37° for 5 minutes to 
convert pyrophosphate into inorganic phosphate. Phosphate 
analysis could be carried out directly in the calibrated tubes. 
The disappearance of PP was determined by comparing the ex- 
perimental tube to a control with APS omitted. This control 
without APS served also to correct for the slight turbidity owing 
to denatured protein when crude extracts were being assayed. 
The specific activity of the enzyme is defined as the umoles of 
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pyrophosphate (=2P) which disappear per mg. of protein per 
hour under standard conditions. 

ADP-Sulfurylase—The reaction is followed by measuring the 
disappearance of P. The incubation mixture contained 0.1 mM 
Tris hydrochloride, pH 8.5; 0.003 m APS; 0.003 m P; and enzyme 
in a final volume of 0.2 ml. The incubation was for 15 minutes 
at 25°. The reaction was stopped by the addition of 0.5 ml. of 
cold 5 per cent trichloroacetic acid. After centrifugation, 0.5 
ml. of the supernatant solution was used for the determination 
of P. The specific activity of the enzyme is expressed as ymoles 
of P disappearing per mg. of protein per hour. The rate of the 
reaction is linear for only a short time and begins to decline be- 
fore 50 per cent of the APS and P have reacted. Mg*+ was 
omitted from the incubation mixture to eliminate pyrophospha- 
tase activity which, in the presence of ATP-sulfurylase, will 
catalyze the over-all reaction: APS + 2P = ATP + SO, 
(cf. 5). A high concentration of Mg*+ is required for a conden- 
sation of 2P to PP by way of pyrophosphatase (13). On the 
other hand, there is no detectable stimulation of ADP-sulfuryl- 
ase by added Mg**. 

APS-Kinase—The specific activity of the enzyme is expressed 
as wmoles of PAPS formed from APS per mg. of protein per 
hour. The reaction mixture contained 0.1 Tris, pH 8.5; 0.005 
mu ATP; 0.002 m MgCl:, 0.001 m APS (PAP-free); and enzyme in 
a final volume of 0.5 ml. Incubation was for 20 minutes at 37°. 
The reaction was stopped by heating the tubes for 90 seconds 
in a boiling water bath. The samples were then diluted to a 
suitable volume for the catalytic PAPS assay (12). 


Enzyme Preparations 


Separation of ATP-Sulfurylase and APS-Kinase—Of several 
yeasts and other microbiological sources, fresh national baker’s 
yeast was found to have highest enzymatic activity. In this 
paper, the preliminary purification of sulfurylase is described. 
The two enzymes could be completely freed from each other. 
The elimination of sulfurylase from APS-kinase will be verified 
here. The final purification of sulfurylase follows in the second 
paper (5). 

Extraction—The method of freezing in ether-dry ice and ex- 
tracting was essentially that of Jones et al. (14). The removal of 
the ether before storage and extraction is most important. 
Traces of ether have been found to inactivate the preparation 
completely. 

Eight pounds of frozen yeast, free of ether and dry ice, was 
added to 3.6 liters of 0.05 m K:HPO, and stirred at room temper- 
ature until the yeast had melted. Extraction was continued by 
stirring for 16 hours at 2°. All subsequent steps were carried 
out at 0-4°. Cells and cell debris were removed by centrif- 
ugation at 2500 r.p.m. in the Size 3 International centrifuge 
for 1 hour. The cloudy supernatant solution (Fraction I) had 
a volume of 4.5 liters. 

Acidification and Precipitation with Sodium Chloride—The pH 
of the extract was lowered to about 5.0 by the addition, with 
stirring, of 100 ml. of 2 m acetic acid. The suspension was cen- 
trifuged for 5 minutes at 5000 r.p.m. in the International PR-1 
centrifuge and the precipitate discarded. To 4.3 liters of the 
supernatant solution, Fraction II, 1.08 kg. of reagent grade 
NaCl was added slowly and with stirring. After the salt had 
completely dissolved, the precipitate was allowed to settle for 16 
hours at 2°. As much as possible of the supernatant fluid was 
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siphoned off and the precipitate was packed by centrifugation 
for 8 minutes in the Servall SS-1 centrifuge. The supernatant 
solution was discarded and the precipitated protein dissolved in 
about 300 ml. of 0.02 m Tris, free base. The pH was adjusted 
to about 7 by the careful addition of a little 2 nN KOH. This 
fraction, III, is stable and may be stored for months in deep- 
freeze without appreciable loss in activity. Fraction III was 
dialyzed for 22 hours against 16 liters of 0.01 m Tris, 10-* m 
EDTA, pH 7.5. One change of buffer was made after the first 
6 hours. Dilute acetic acid was added to the dialyzed solution 
until the pH was 5.8. Under these conditions, ATP-sulfurylase 
was precipitated while APS-kinase remained in solution. The 
precipitate, Fraction IV, was collected by centrifugation at 5000 
r.p.m. for 15 minutes in the International PR-1 and the super- 
natant fluid, Fraction V, set aside for the isolation of APS-kinase. 

Fractionation of ATP-Sulfurylase with Ammonium Sulfate— 
Fraction IV was dissolved in 30 ml. of 0.01 m Tris buffer, pH 8, 
containing 0.001 m ATP. The volume was adjusted with water 
to exactly 50 ml. and then 33 ml. of saturated alkaline (NH,).SO, 
were added. The solution was immediately spun for 10 minutes 
in the Servall centrifuge and the heavy brown precipitate dis- 
carded. To the supernatant, 16 ml. of saturated alkaline 
(NH,)2SO,4 were added. After standing for 1 hour the light 
precipitate was recovered by centrifugation for 10 minutes. The 
precipitate was dissolved in approximately 1 ml. of 0.02 m Tris 
buffer of pH 7.5 and dialyzed overnight against Tris-EDTA 
(Fraction VI). Further purification of the ATP-sulfurylase by 
electrophoresis on Geon resin is described in the next paper of 
this series (5). 


Purification of APS-Kinase 


Ethanol Precipitation—Fraction V, obtained as described 
above, was acidified to pH 5.2 with 0.2 m acetic acid and centri- 
fuged for 10 minutes at 5000 r.p.m. The precipitate contained 
a mixture of ATP-sulfurylase and APS-kinase, and was dis- 
carded. The supernatant solution was placed in an ice-salt 
bath, and exactly 0.1 volume of cold 95 per cent ethanol was 
added slowly with stirring, keeping the temperature between 
—1° and —3°. The precipitate was collected by centrifugation 
at 5000 r.p.m. and —2° for 15 minutes. The supernatant fluid 
was discarded and the precipitate dissolved in 25 ml. of 0.02 m 
Tris, pH 8 (Fraction VIII). Fraction VIII represents a rather 
stable APS-kinase preparation. 

Fractionation with Ammonium Sulfate—On further purifi- 
cation by (NH,).SO, fractionation, preparations were obtained 
that occasionally have been found to lose activity on storage in 
deep-freeze. Fraction VIII was diluted to 30 ml., and 20 
ml. of alkaline ammonium sulfate were added with stirring. After 
standing for 15 minutes, the solution were centrifuged for 10 
minutes in the Servall SS-1, the precipitate discarded and 10 
ml. of saturated alkaline ammonium sulfate solution added to 
the supernatant solution. After standing for 1 hour, the solu- 
tion was centrifuged for 10 minutes and the precipitate was dis- 
solved in 5 ml. of 0.02 m Tris, pH 7.5 (Fraction IX). 

The distribution of ATP-sulfurylase, APS-kinase, and ADP- 
sulfurylase activities is presented in Table II. 


APS-Kinase 


APS-kinase has a very high affinity for APS. Furthermore, as 
illustrated in Fig. 2, the initial rate of the reaction was highest 
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TaBLeE II 
Separation of APS-kinase and ADP-sulfurylase 
from ATP-sulfurylase 


The fractionation and assay procedures are described in the 
text. 








ATP-sul- ADP-sul- ‘ 
APS-kinase 
Fraction furylase | furylase specific 
specie acuvity | activity | activity 
I Crude extract........... 5.6 2.0 _ 
II Acid supernatant........ 8.1 1.6 _ 
6 ae 32 4.6 0.37 
Sen a eet 47 1.2 0.15 
VI 40 to 50 AmSO,.......... 2600 0 2.0 
VII Electrophoresis*......... 7100 0 0 
VIII EtOH ppt............... 0 6.3 0.94 
IX AmS0O, fraction.......... -- _ 3.0 














* For the preparation of this fraction, see 
per (5). 
— = activity not determined. 
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Fic. 2. Substrate concentration curve for APS-kinase. The 
incubation mixture contained 0.1 m Tris, pH 8.5; 0.005 m ATP; 
0.001 m MgCl:; APS; and 0.04 mg. of enzyme in a final volume of 
1 ml. Incubation was for 5 mintues at 23°. The reaction was 
stopped by heating and PAPS was determined by the method of 
Gregory and Lipmann (12). 


with the lowest concentration of APS which could be tested, 5 x 
10-* m. Such a high affinity appears almost a necessity for an 
enzyme whose substrate is the product of a thermodynamically 
quite unfavorable reaction; the equilibrium concentration of 
APS is only of the order of 10-* m in the presence of 0.01 m 
ATP and 0.01 m SO," and absence of pyrophosphatase. 

The stoichiometry of APS-kinase is illustrated in Fig. 3. 
Exactly 1 mole of APS and ATP disappear for each mole of 
PAPS formed, and with excess ATP the reaction goes to comple- 
tion. ADP formation was assayed for with the pyruvate kinase 
and lactic dehydrogenase assay system. The values obtained 
were proportional, but systematically 10 to 15 per cent higher 
than the values for PAPS formation and for APS and ATP dis- 
appearance, due presumably to a systematic error in the assay 
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method. Through this balance the equation APS + ATP 
PAPS + ADP is confirmed. 

The best preparations of APS-kinase form PAPS from APS 
and ATP at a rate of 12.5 umoles per mg. of protein per hour 
(15). The rate of reaction is directly proportional to enzyme 
concentration over a very wide range. The reaction has a sharp 
pH optimum between pH 8.5 and 9. 

IPS did not serve as a substrate for APS-kinase, and did not 
inhibit the reaction when present in concentrations similar to 
APS. However, ATP could be replaced by any of the nucleotide 
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Fic. 3. Stoichiometry of APS-kinase reaction. The incuba- 
tion contained 0.1 m Tris, pH 8.5; 0.005 m ATP; 0.001 m MnCl; 
0.0015 m APS; and 0.5 ml. of Fraction IX in a final volume of 10 








ml. Samples were removed and heated at the time intervals 
shown. Assay procedures were carried out as described in the 
text. 
TaBLe III 
Mg** stimulation of APS-kinase reaction* 
Enzyme concentration APS MgCle PAPS formed 
mg./ml. pmoles/ml. umoles/ml. mp moles/ml. 
0.5 1.0 0 28 
0.5 1.0 0.4 67 
0.5 1.0 0.8 97 
0.5 1.0 1.4 116 
0.5 1.0 2.0 131 
0.5 1.0 4.0 136 
0.025 0.1 0 0 
0.025 0.1 0.4 3.1 
0.025 0.1 0.8 4.7 
0.025 0.1 1.4 5.6 
0.025 0.1 2.0 5.9 
0.025 0.1 4.0 4.4 














* The reactions were carried out as described in the text, except 
that the incubation time was reduced to 5 minutes and the con- 
centrations of enzyme, APS, and Mg** were varied as shown. 
The ATP concentration was kept at 0.005 m. Appropriate con- 
trols showed that the varying concentrations of reactants used 
had no effect on the catalytic PAPS assay. 
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triphosphates tested. Cytidine triphosphate had approxi- 
mately the same activity as ATP, whereas the triphosphates of 
guanosine, inosine, and uridine were all somewhat more active. 
It was not excluded that nucleotide diphosphokinases (16) and 
traces of ADP or ATP might be responsible for the activity of 
triphosphates other than ATP. 

The effect of MgCl. concentration of the initial rate of the re- 
action is illustrated in Table III. From this it is clear that high 
Mg** concentrations are somewhat inhibitory when low levels of 
APS and enzyme are used. Mg++ may be replaced by Mn** and, 
at low concentrations, Mn** is even more active than Mg**. 
The optimal concentration is 0.0001 m MnCl:, but it becomes 
inhibitory at a level of 0.002 m. Co** is also active, while Catt 
is inactive. 


ADP-Sulfurylase 


The reaction between APS and P to form ADP has not been 
investigated extensively. It has been shown that purified ATP- 
sulfurylase does not catalyze the reaction and that, on fraction- 
ation, the activity is easily separated from ATP-sulfurylase (cf. 
Table II). The reaction can be distinguished from a reaction 
between APS and P catalyzed by the combination of ATP-sul- 
furylase and pyrophosphatase yielding ATP, because pyrophos- 
phatase requires high concentrations of Mg*+ while the ADP- 
sulfurylase reaction proceeds without added Mg**. 

ADP as the initial product of the ADP-sulfurylase reaction 
was identified by paper electrophoresis. It appears that ADP 
alone is formed first, and only towards the end of the reaction 
does ATP appear, due presumably to the presence of myo- 
kinase. The enzyme is unstable at 37° and even at 25° the rate 


P. W. Robbins and F. Lipmann 


685 


of reaction is not exactly proportional to enzyme concentration 
or incubation time. The possibility of product inhibition by 
ADP was excluded by carrying out the reaction in the presence 
of excess myokinase, hexokinase, and glucose. The reaction 
showed the same characteristics when the products were being 
removed by the trapping system. With ADP-sulfurylase prep- 
arations, APS is also arsenolyzed to AMP and sulfate. Direct 
enzymatic hydrolysis of APS has not been observed except with 
bull semen 5’-nucleotidase and snake venom preparations (1, 
3). 


SUMMARY 


Two yeast enzymes are identified which, by sequential action, 
synthesize active sulfate. They are: (1) adenosine triphosphate- 
sulfurylase, yielding adenosine-5'-phosphosulfate and pyrophos- 
phate; and (2) adenosine-5’-phosphosulfate-3’-phosphokinase, 
producing the active sulfate, adenosine-3’-phosphate-5’-phos- 
phosulfate and adenosine diphosphate. 

The assays for, and separation of, these enzymes are described. 
The detailed report on further purification and characteristics of 
the adenosine trisulphate-sulfurylase follow in the second paper 
(5). 

Adenosine-5’-phosphosulfate-3’-phosphokinase shows a very 
high affinity for adenosine-5’-phosphosulfate. It was fully sepa- 
rated but not as highly purified as adenosine triphosphate-sul- 
furylase. Adenosine diphosphate-sulfurylase is characterized as 
yielding adenosine diphosphate by displacement of the sulfate 
from adenosine-5’-phosphosulfate with inorganic phosphate. 
The enzyme is unstable and its significance not clear. 
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The crucial step in the two-step biosynthesis of active sulfate 
is the creation of the reactive phosphosulfate link in adenosine- 
5’-phosphosulfate (APS) by sulfurolysis of adenosine triphos- 
phate (ATP)! We have paid special attention to the enzymol- 
ogy and energetics of this reaction on which we are reporting here. 

Electrophoresis in an inert resin bed yielded a good prepara- 
tion of sulfurylase. The availability of such a preparation made 
it possible to study the sulfurylation equilibrium. The obvious 
analogy between sulfuryl adenylate and the acyl adenylates 
lends an additional interest to the presentation of a detailed 
analysis of the sulfurylation reaction. 


MATERIALS AND METHODS 


The materials and methods used in the present work are 
essentially the same as those described in the preceding paper 
(1). The APS used was the same synthetic material that was 
used to assay ATP-sulfurylase, APS-kinase, and ADP-sul- 
furylase activities. APS was routinely determined by the 
sulfurylase assay system, except that an excess of purified ATP- 
sulfurylase was used and the amount of APS was limiting (final 
concentration 0.3 to 2 umoles per ml.). Under these conditions, 
APS disappearance and PP disappearance are equal. The 
sulfuryl adenylate, APS, does not detectably decompose either 
chemically or enzymatically under these conditions, in contrast 
to the acyl adenylates (2). Low concentrations of APS such 
as those present in equilibrium experiments, were determined by 
phosphorylation of APS to PAPS, using the method described 
below and determining the PAPS by the method of Gregory and 
Lipmann (3). 

For the assay of ATP-sulfurylase, the method described in 
the preceding paper was chiefly used. The activity of the 
enzyme may also be determined by following ATP formation; 
the equivalence of the two assay methods is shown in Fig. 1. 
Bandurski et al. (4) have shown that ATP is hydrolyzed to 
AMP and PP in the presence of ATP-sulfurylase and molybdate 
ion. A modification of their procedure was used as an alternative 
assay for sulfurylase. As Table I shows, the ratio of activities 
throughout the purification procedure is fairly constant. ATP- 


* This investigation was supported in part by a research grant 
from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service; and from the National 
Science Foundation. 

1 The abbreviations used are: PAPS, 3’-phosphoadenosine-5’- 
phosphosulfate; PAP, 3’,5’-diphosphoadenosine; APS, adenosine- 
5'-phosphosulfate; IMP and IPS, inosine monophosphate and 
inosine-5’-phosphosulfate; P, inorganic phosphate; PP, inorganic 
pyrophosphate; Tris, tris(hydroxymethyl)aminomethane; EDTA, 
ethylenediamine tetraacetic acid; CoA, coenzyme A; CoASH, 
reduced coenzyme A. 


sulfurylase may also be assayed by the sulfate-dependent 
pyrophosphate exchange (5). 

The preliminary purification of ATP-sulfurylase is described in 
detail in the preceding paper. The protein fractions referred to 
in this paper are the same as those previously described (1). 
Table I summarizes the complete purification of AT P-sulfurylase. 
The first steps in sulfurylase purification consist of acid treat- 
ment, NaCl fractionation, acid precipitation, and (NH,).SO, 
fractionation. The specific activity after (NH,).SO, fractiona- 
tion sometimes varied, but electrophoresis gave a product 
having a consistently high specific activity. 

Resin Electrophoresis—Electrophoresis separates the sul- 
furylase from interfering enzymes, e.g. APS-kinase. It also 
gives substantial purification when starting materials of lower 
specific activity are used. The resin, (Geon 426, B. F. Good- 
rich Company) was washed several times with water by decanta- 
tation to remove fine particles, and then twice with 0.1 m Tris- 
0.03 m NaCl solution of pH 8. A plastic form was used to 
hold the resin bed and pads made of cheesecloth were used as 
bridges from the resin to the buffer boxes. The apparatus and 
general procedure is similar to that described by Kunkel (6). 
A heavy slurry of the washed resin was poured into the plastic 
form. Excess buffer was blotted from the surface with cheese- 
cloth and the resin bed was allowed to stand for 30 minutes 
before being used. The resin bed was 4 cm. wide, 30 cm. long, 
and approximately 1 cm. deep. A groove was cut in the resin 
about 10 cm. from the negative end and a, preparation cor- 
responding to Fraction VI was placed in the groove with a 
pipet. The groove was filled with resin and the bed was covered 
with a sheet of plastic to reduce evaporation. Electrophoresis 
was carried out for 24 hours at 2° using 175 volts (30 to 35 
milliamperes). Under these conditions, ATP-sulfurylase moves 
9 to 12 cm. towards the anode. The appropriate parts of the 
resin were cut into 1.5 cm. sections. Each section was suspended 
in 5 ml. of water. After filtration, the resin was washed on the 
funnel with another 5 ml. of water which was added to the 
original extract. Remaining resin particles were removed by 
centrifugation in the Servall SS-1 (Fraction VII). Protein 
concentration was determined by ultraviolet absorption (7) or 
by the method of Lowry (8). 

Electrophoresis fractions may be concentrated by lyophiliza- 
tion followed by dialysis without appreciable loss in enzymatic 
activity. 


PROPERTIES OF PURIFIED SULFURYLASE 


ATP-sulfurylase, obtained by resin electrophoresis, varied in 
specific activity from 7,000 to 10,000. Preparations with the 
highest specific activity had a typical protein ultraviolet spec- 
trum with an absorption maximum at 278 my and a 280 to 260 
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Fig. 1. Stoichiometry of ATP-sulfurylase reaction. The reac- 
tion mixture was made up as described in the text, except that 
the final volume was 2 ml. instead of 0.2 ml. The protein concen- 
tration was 0.8 ug./ml. Samples were taken at the time intervals 
shown and heated in a boiling water bath for 90 seconds. Analyses 
for ATP and PP were carried out as described in the text. 


TABLE [ 
ATP-sulfurylase purification 

The fractionation is described in the preceding paper (1) and 
in the text. The reverse reaction assay is described in the pre- 
ceding paper. The incubation mixture for molybdolysis con- 
tained: 0.1 m Tris hydrochloride, pH 8.0; 0.01 m ATP; 0.01 m 
MgCl; 0.005 m NasMoQ,; PPase 10 uwg./ml.; and enzyme in a fi- 
nal volume of 1 ml. After 15-minute incubation at 37°, 1 ml. of 
cold 10 per cent trichloroacetic acid was added. After centrifuga- 
tion, 1 ml. of the supernatant solution was used for P determina- 
tion. Specific activities represent the ymoles of ATP formed or 
broken down per mg. of protein per hour. 





Molybdolysis ATP 
APS + PP — ATP! MoO. 


Reverse reaction 


Per 





Fraction . = Fong “2s AMP + PP | cent 

a =a specific woth Pi yield 

I Crude extract........| 5.6 1.8 | 100 
II Acid supernatant... 8.1 2.3 74 
18 8 eer 32 10.2 41 
[V Bee Ooh... 5... 47 23 | 35 
VI 40 to 50 AmSO,..... 2600 1440 mm 
VII Electrophoresis. .... 7100 2600 | 10 





absorption ratio of 1.7, indicating practical absence of nucleic 
acid. Preparations with the highest specific activity had a 
single homogenous peak in the ultracentrifuge, as shown in Fig. 
2. Purified preparations were free of myokinase, adenosine 
triphosphatase, and inorganic pyrophosphatase. From recent 
experience in this laboratory, it seems probable that sulfurylase 
preparations of more uniformly high specific activity may be 
obtained after a preliminary washing of the Geon resin with 
EDTA. The results of a typical electrophoresis purification 
experiment are shown in Fig. 3. 

The most extensive studies on the characteristics of ATP- 
sulfurylase were carried out with the reverse reaction, APS + 
PP — ATP + sulfate. The pH optimum was rather broad, 
between pH 7.5 and 9. The saturation levels for the two sub- 
strates were too low to be measured by the chemical assay 
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method. The stoichiometry is shown in Fig. 1. Electro- 
phoretically, ATP was the only detectable nucleotide formed 
when purified ATP-sulfurylase was used. The magnesium ion 
stimulation is shown in Table II. CoCl. was as effective as 
MgCl. CaCl, at a level of 5 X 10-* M caused 73 per cent 
inhibition in the absence of Mg++. IPS did not serve as a 
substrate, nor did it inhibit when present in the same concen- 
tration as APS. Ata level of 3 X 10° m, ATP, ADP, AMP, 
and IMP caused less than 20 per cent inhibition. When tested 
with the molybdolysis assay (4) the triphosphates of inosine, 
guanosine, uridine, and cytosine were all found to be inactive in 
replacing ATP. 





47 min. 63 min. 


31 min. 
Fic. 2. Ultracentrifuge pattern for highly purified ATP-sul- 


furylase. The enzyme was purified by electrophoresis as de- 
scribed in the text. The resin fraction having the highest specific 
activity was lyophilized, taken up in 0.75 ml. of water, and dial- 
yzed overnight against 0.1 m NaCl, 0.01 m Tris hydrochloride, pH 
7.3. The figure shows the sedimentation of this preparation after 
31, 47, and 63 minutes at 56,100 r.p.m. Protein concentration, 
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Fic. 3. Purification of ATP-sulfurylase by electrophoresis on 
Geon 426. Electrophoresis was carried out as described in the 
text. The starting material was a preparation of Fraction VI 
having a somewhat lower specific activity than the Fraction VI 
described in the enzyme preparation in Table I. After elution 
of the enzyme from segments of the resin bed, sulfurylase was 
determined by the molybdolysis reaction (4) and protein was deter- 
mined by the method of Lowry (8). Both sulfurylase and protein 
concentration are given in arbitrary units. There is probably no 
protein in Fractions 13 to 17 and the value for these fractions un- 
doubtedly represents an impurity in the buffer or resin. Lyophili- 
zation and dialysis of Fraction 9 gave a preparation having a 
specific activity of 10,000 in the standard assay. 
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TasB_e II 
Stimulation of AT P-sulfurylase by Mg*+ 
The sulfurylase assay was carried out as described previously 
(1) except that the MgCl. concentration was varied. The enzyme 
preparation used was a dialyzed sample of Fraction IV. 
results have been obtained with Fraction VII. 


Similar 





MgCl: umoles/ml. ATP formed yumoles/ml. 





0 0.38 
0.02 0.48 
0.04 0.50 
0.1 0.63 
0.2 0.62 
1.0 0.62 
2.0 0.63 








10F 






¢- PP(APS +PP ATP) 
0+P4 (ATP 2% amp +PP) 


0 1 2 3 
Protein ¥/mi. 


Fic. 4. Effect of enzyme concentration on ATP-sulfurylase 
reaction. The enzyme used was a preparation of Fraction VII. 
The reverse reaction and molybdolysis were carried out as de- 
scribed in the preceding paper (1) and Table I. 


Change in zmoles/ hr 











Tas.e III 
Formation of ATP from APS and inorganic phosphate in presence 
of ATP-sulfurylase and inorganic pyrophosphatase 
The incubation mixture contained 0.1 m phosphate, pH 7.3; 
0.01 m MgCl.; and 0.0025 m APS in a final volume of 0.2 ml. Both 
enzymes were used at a final concentration of 10 ug./ml. Ineuba- 
tion was for 30 minutes at 37°. The reaction was stopped by heat- 
ing the tubes in a boiling water bath for 90 seconds. After chill- 


ing, 0.1 ml. samples were used for the spectrophotometric ATP 
determination. 





Enzyme present 





| 
ATP formed yumoles/ml. 


ier Ge ada waitin ms nik # SbCbA ers 0 
Oe ge a 0 
PPase + ATP-sulfurylase.............. 2.3 





The reaction rate was constant until over 90 per cent of the 
APS or PP had been used. The activity was directly pro- 
portional to enzyme concentration over a wide range, as shown 
in Fig. 4. As shown in Table III, ATP is also formed from 
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TaBLe IV 
Determination of AT P-sulfurylase activity in rat liver 
extract by reaction of APS with PP 
The complete system contained 0.05 m glycylglycine, pH 7.8; 
0.01 m PP or P; 0.0025 m APS; and 0.1 volume of a 104,000 X ¢ 
supernatant (Spinco preparative ultracentrifuge) from rat liver 
homogenate in 8.5 per cent sucrose, 10-* Mm EDTA. 
was for 30 minutes at 37°. 


Incubation 
ATP was determined as described in 


the text. 
System ATP formed umoles/ml. 
Complete. 2.5 
No APS 0 
P instead of PP........ ss 0 


APS, phosphate, and pyrophosphatase. Cohn (9) has recently 
observed a similar phenomenon, using the methionine-activating 
system of Berg (10) for trapping the PP formed from P by 
pyrophosphatase. We confirmed her observation that PP 
synthesis requires a rather high Mg*+ concentration. 

Liver Sulfurylase—As mentioned previously, yeast extracts 
are better suited for the separation of the two consecutive steps 
in PAPS synthesis. The availability of synthetic APS has 
made it possible, however, to show sulfurylase activity in a 
crude liver extract. Such an experiment is shown in Table IV. 
The content of sulfurylase in liver is, indeed, higher than in 


yeast. 


The presence of sulfurylase (cf. also (5)), together with the 
isolation of PAPS as product of the over-all ATP-sulfate reaction 
in liver extract, indicates the mechanism of PAPS synthesis in 
liver to be the same as in yeast. For reasons not entirely 
understood, we have met difficulties with cruder liver prepara- 
tions in showing a phosphorylation of synthetic APS. A partial 
explanation may be found in the rather rapid 3’-dephosphoryla- 
tion of PAPS by a phosphatase present in liver. 


EQUILIBRIUM STUDIES 


The equilibrium concentrations of APS and PP are very low 
and the only way to assay for such low concentrations of APS is 
to convert to PAPS and use the very sensitive PAPS determina- 
tion of Gregory and Lipmann (3). The use of this assay 
involves, however, a second enzymatic incubation with APS- 
kinase, which introduces additional possibilities of error. Fur- 
thermore, a thorough investigation of important variables such 
as pH, ionic strength, and Mg** concentration on the equilibrium 
constant is still needed. Nevertheless, the presentation of 
preliminary and tentative data seems justified. 

The basic incubation mixture used for equilibrium studies 
contained 0.1 m Tris hydrochloride, pH 8.0; 0.01 m ATP; 0.02 
M K,SO,; 0.005 m MgCl.; and the enzyme. Additions of APS 
and PP were always made to this basic reaction mixture. In- 
cubation was carried out at 37°. At appropriate time intervals, 
0.5 ml. aliquots were taken and heated in a boiling water bath 
for 90 seconds. After cooling, 0.49 ml. of water and 0.01 ml. 
of APS-kinase solution were added. The samples were incubated 
at room temperature for 20 minutes. The samples then were 
heated as before and chilled. The solutions were used directly 
for PAPS assay (3). Controls were carried out without sul- 
furylase or without APS-kinase. 

Fig. 5 shows a time curve for the reaction between ATP and 
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5 10 15 20 25 
Time in minutes 

Fie. 5. ATP-sulfurylase approach to equilibrium. Both tubes 
contained 0.1 m Tris hydrochloride, pH 8.0; 0.01 m ATP; 0.02 mu 
K.S0,; and 0.005 m MgCle. The reaction indicated by O Oo 
contained, in addition, 2.5 X 10-5 m APS and 2.5 X 10-° m 
PP. The sulfurylase concentration in both reactions was 0.05 
yg-/ml. Samples were taken from both tubes, heated in a boiling 
water bath for 90 seconds, and chilled. APS analyses were car- 
ried out as described in the text. 
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Protein ¥/ml. 

Fia. 6. Effect of enzyme concentration on the apparen’ equilib- 
rium concentration of APS. Equilibrium experiments were car- 
ried out exactly as described in the text. Only the concentration 
of sulfurylase was varied. In all cases, the reaction was carried 
out only in the direction of APS synthesis from ATP and SO-. 


SO," without added APS, and with 25 mumoles per ml. each of 
APS and PP present. As can be seen, the added APS and PP 
disappear even in the presence of 10,000 mymoles per ml. of 
ATP and 20,000 mumoles per ml. of K,SO,. After 30 minutes, 
the concentration of APS has become practically identical, 
whether or not APS was added. It is difficult to measure the 
reaction in the forward direction very exactly since it involves 
the formation of only about 2 mumoles per ml. of APS. If 
pyrophosphatase is added there is, as expected, a rapid increase 
in the concentration of APS. 

As shown in Fig. 6, increase of enzyme concentration affects 
the equilibrium constant. At sulfurylase concentrations of 0.5 
ug. per ml. or higher, there is an increase in the apparent equi- 
librium concentration of APS. To explain this in terms of a 
binding of APS by the enzyme, the protein would have to bind 
one-third of its weight of APS to give the slope found in the 


Qs gaa 


P. W. Robbins and F.. Lipmann 689 


range from 0.5 to 2.5 wg. per ml. The differences with the 
higher enzyme concentrations were not caused by slow ac- 
cumulation of extra APS during the incubation period. Even 
with long periods of incubation, the APS concentration showed 
no tendency to rise above the apparent equilibrium level. 

Using the values obtained with lower enzyme concentrations, 
the data presented in Table V show that the equilibrium con- 
stant at pH 8 and 37° falls in the range of 0.6 to 1.6 x 10>. 
Still, buffer and Mg++ effects need more consideration. From 
the best available data, however, at enzyme concentrations 
between 0.01 and 0.04 yug./ml. it appears that the apparent 
equilibrium constant for the sulfurylase reaction at pH 8 and 
37° is about 10-*: 


- _ [APS] x [PP] 


[ATP] x [80.7] 


This corresponds to a standard free energy change of approxi- 
mately +11 kilocalories at pH 8. At the highest enzyme con- 
centration tested, 5 ug. per ml., the constant was 4 to 5 x 10°, 
AF° = +10 kilocalories. We have to conclude, therefore, that 
the sulfate group potential of the phosphosulfate linkages in 
APS, and likewise in PAPS, is 10 to 11 kilocalories higher than 
the pyrophosphate group potential in ATP. In the over-all 
process of sulfate activation, the sulfate group potential is thus 
lifted from zero, corresponding to inorganic sulfate, to 18 to 19 
kilocalories, assuming the pyrophosphate potential in ATP to 
be 8 kilocalories (11). 

The concept of group potential as a measure for group activa- 
tion was proposed earlier (12) and appears more and more 
useful (13). It defines the energy available in an activated 
group as the calories to be expended for eliminating a mole of 
water between the carrier and the molecule to be activated. 


TaBLe V 


Effect of sulfate and pyrophosphate addition on 
sulfurylase equilibrium 
The incubation conditions and assay method are described in 
the text. It is assumed that PP formation is equal to the meas- 
ured formation of APS. The sulfurylase concentration used was 
0.02 wg./ml. 
































Total SO.= PP added mumoles/ APS formed K 
smoles/ml. ml. mymoles/ml. 
20 ee! 0.6 X 10° 
30 1.5 0.75 X 10°% 
40 2.3 1.3 X 10% 
20 0.5 1.0 0.75 X 10°° 
20 1.0 1.3 1.5 X 10% 
20 1.5 1.2 1.6 X 10° 
ee eee a Re ee ee) er 7 -» 
TasBie VI 
Changes in standard free energy at pH 8 for component reactions 
Reaction e® 
ATP + SO." + H* — APS + PP +11,000 
ATP + APS — PAPS + ADP + H* —6,000 
PP + H.O — 2P; + H* —5,000 
2ATP + SO," — PAPS + ADP + 2P; + Ht 0 
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This measures the expenditure of energy for de-hydration, 7.e. 
activation, rather than the yield of energy by hydrolysis, 7.e. 
inactivation, the two being numerically equal but opposite in 
sign. 


COMMENTS 


The availability of a fairly pure enzyme has made it possible 
to determine with good approximation the equilibrium constant 
for sulfurolysis of ATP. As had been expected qualitatively, a 
more exact estimate of the energetics shows this reaction to be 
highly endergonic with reference to standard state conditions. 
In other words, it is a reaction in which APS is formed against a 
very unfavorable equilibrium. To bring about a fixation of the 
reactive sulfate in the phosphosulfate bond and produce a 
sulfate carrier available in reasonably high concentration, 
exergonic reactions are superimposed on the initial step which 
eliminate the reaction products from the equilibrium mixture. 
In this manner, secondary, energy-consuming reactions com- 
pensate for the initial energy expenditure. This explanation is 
offered as a rationalization for the follow-up of sulfurylation by 
phosphorylation of the primary reaction product, APS, in a 3’ 
position, an exergonic reaction with a AF®° of approximately 
—6000 calories. This value is taken from the rather accurate 
determination of the hexokinase equilibrium, glucose + ATP = 
glucose-6-phosphate + ADP + Ht, by Robbins and Boyer 
(11), to which the reaction APS + ATP = PAPS + ADP + H+ 
appears to be sufficiently analogous. In this manner, the 
energy of an additional energy-rich phosphate is used to balance 
the endergonic sulfurylation step. In addition to this second 
exergonic step, the hydrolysis of pyrophosphate by PPase is 
available as another exergonic step. This hydrolysis, with a 
AF® of approximately — 5000 calories (14), can be put to use by 
eliminating pyrophosphate from the equilibrium. The value of 
AF for the hydrolysis, PP — 2P, under physiological conditions 
is actually much higher, due to the considerable change in AF 
with decreasing concentration. It appears from Table VI that 
these two reactions compensate rather exactly for the initial 
energy expenditure. 

In this sequence we had the opportunity to analyze fairly 
exhaustively a group activation by displacement of the terminal 
pyrophosphate of ATP. The resulting anhydride formation 
with the phosphate of 5’-adenylic acid appears to be a common 
feature of many group activations. Most prominent are acyl 
adenylates, the precursors of acyl CoA, and amino acy! adenyl- 
ates, the “active” amino acids. In the case of the acyl adenyl- 
ates, it has been rather difficult to demonstrate experimentally a 
net formation of the mixed anhydride. Furthermore, in the 
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ATP-acylate-CoA reaction, there seems to be no separation of 
the process into two separate enzymic steps, although there is no 
reasonable doubt that the reaction is two phasic (15). 

An interesting energetic analogy between sulfurylation and 
acylation appears if one realizes that for ATP + acylate + 
CoASH — AMP + PP + acyl-SCoA, an equilibrium constant 
of 2.7 was found by Jones (16). Therefore, the AF° for the 
over-all reaction is —600 calories. However, for the initial 
step, ATP + acylate — acyl-AMP + PP, Jencks (17) arrived 
at an approximate AF° (pH 8) of +7000 to 8000 calories. The 
second step, acyl-AMP + CoASH = acyl-SCoA + AMP 
therefore, must be considerably exergonic and compensate for 
the up-hill first step. 

In contrast to difficulties encountered with acyl-AMP’s, it 
was possible here to characterize the sulfuryl-AMP formation 
enzymatically as a separate reaction and to determine un- 
ambiguously the formation of this AMP-anhydride in free form. 
Physiologically, it can be predicted that in spite of the unfavor- 
able equilibrium, sufficient free APS will be available to be 
fixed by 3’-phosphorylation since, as mentioned in the previous 
paper (1), APS-kinase has a very high affinity for APS. In 
addition, then, to giving us a description of the particular 
mechanism of the formation of active sulfate, the analyses 
described furnish a better understanding of a general mechanism 
of biological group activation. 


SUMMARY 


By inert resin (Geon 426) electrophoresis a preparation of 
yeast ATP-sulfurylase was obtained which electrophoretically 
and ultracentrifugally appeared to be a single protein. The 
properties of the sulfurylase reaction were studied with this 
preparation and a preliminary estimate of the equilibrium 
constant was made: 

[APS] < [PP] 


K = (aTP] x [S0e] > 





10-*(pH 8, 37°) (2) 
The AF®° of the reaction is therefore approximately +11,000 
calories under these conditions. 

The phosphorylation of adenosine-5’-phosphosulfate to 3’- 
phosphoadenosine-5’-phosphosulfate, which is analogous to the 
hexokinase reaction, is estimated to have a AF° of —6000 
calories (pH 8, 37°). This phosphorylation, together with 
pyrophosphate hydrolysis by pyrophosphatase (AF° about 
— 5000 calories) approximately balances the initial endergonic 
step. 

The presence of adenosine triphosphate-sulfurylase in liver 
extracts is demonstrated. 
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The existence of a fluorescent compound in human urine after 
the ingestion of vitamin Bz was reported by Singal and Syden- 
stricker (1) in 1941. Huff and Perlzweig (2, 3) isolated a pyri- 
doxine metabolite from human urine which they identified as 
2-methyl-3-hydroxy-4-carboxy-5-hydroxymethylpyridine (4-pyr- 
idoxic acid). A fluorometric method for the determination of 
this substance was also described (3). 

Using the above method, 4-pyridoxic acid has been shown to 
be the predominant vitamin Bs metabolite excreted in urine, 
both from food alone and following ingestion of supplements of 
pyridoxine, pyridoxal, or pyridoxamine (4-6). The usefulness 
of this method has been limited in that there are other com- 
pounds in urine which fluoresce under the conditions used for 
4-pyridoxic acid estimation so that one obtains 4-pyridoxic acid 
values which are too high (7-9). 

Sarett (9) partially avoided the interference of substances 
having fluorescence similar to 4-pyridoxic acid by giving a large 
test dose of pyridoxine to human subjects, which made it pos- 
sible to dilute the urine samples until the effects of interfering 
substances became negligible. Although Sarett’s method to 
determine the excretion of 4-pyridoxic acid has been useful fol- 
lowing administration of large doses of vitamin Be, its value in 
assaying for 4-pyridoxic acid in normal urine appears to be lim- 
ited. 

Since the problem in the estimation of urinary 4-pyridoxic acid 
appeared to be interference by other fluorescent substances, at- 
tempts have been made to free the 4-pyridoxic acid from these 
unknown urinary constituents. Sarett (9) attempted to remove 
some of the extraneous fluorescent compounds from urine without 
success. The present communication deals with a more specific 
method for the estimation of 4-pyridoxic acid in which ion ex- 
change resins have been used to purify the urinary pyridoxine 
metabolite. 


* Published with the approval of the Director of the Wisconsin 
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MATERIALS AND APPARATUS 


Ion Exchange Resins—Dowex 1 (Cl-), 10 per cent cross-link- 
age, 200 to 400 mesh, and Dowex 50 (H*), 12 per cent cross- 
linkage, 200 to 400 mesh, were prepared as described by Price 
(10). 

Reagents—Synthetic 4-pyridoxic acid and 4-pyridoxic acid 
lactone were prepared by the method of Heyl (11). 

Chromatography Columns—The chromatographic columns 
were made by sealing a glass tube of 1.2 cm. outside diameter, 
and 20 em. long to the bottom of 125 ml. Erlenmeyer flasks. A 
constriction near the bottom of the tube held a plug of glass wool 
upon which the resin column was placed. 


Analytical Method 


The 24 hour urines were collected in amber bottles containing 
about 25 ml. of toluene, and an aliquot of these samples was 
removed and stored at 0° until analyzed. 

Preparation of Analytical Columns—A slurry of the resin was 
pipetted into the columns to form a packed layer 3 cm. long. 
The Dowex 50 columns were washed successively with 50 ml. of 
5 n HCl, 50 ml. of 2 Nn HCl and 50 ml. of water. The Dowex 1 
columns were washed with 50 ml. of 2 Nn HCl followed by 50 ml. 
of water. The columns were operated without added pressure, 
and were discarded after use. 

Chromatography of 4-Pyridoxic Acid in Urine—About 4 per 
cent of the 24 hour urine was adjusted to a pH of 10.6 with sat- 
urated NaOH and filtered through Whatman No. 42 filter paper. 
An aliquot of this filtrate representing 1 per cent of the 24 hour 
excretion was pipetted into duplicate 50 ml. graduated centrifuge 
tubes and 25 ug. of synthetic 4-pyridoxic acid was added to one 
tube. Then 1.5 ml. of 1.5 n NH,OH was added to each cen- 
trifuge tube and the contents of both tubes were diluted to 40 
ml., stirred well, and added to the Dowex 1 (Cl-) columns. 
The centrifuge tubes were rinsed with an additional 20 ml. of 
water and this water was used to wash the sample through the 
columns. The 4-pyridoxic acid was then eluted from the Dowex 
1 with 50 ml. of 0.05 n HCl and the effluent was passed directly 
into the Dowex 50 columns. The Dowex 50 columns were 
washed with 20 ml. of water and the 4-pyridoxic acid was then 
eluted with 50 ml. of 2 n HCl. 

Quantitative Estimation of 4-Pyridoxric Acid—The quantitative 
estimation consisted of 4 steps: (1) delactonization, (2) lactoni- 
zation, (3) adjustment of pH and dilution, and (4) reading in 
the fluorometer. 

Delactonization—In the initial studies blank values were 
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found to be unduly high. This was the result of considerable 
lactonization which occurred spontaneously at room tempera- 
ture in the 2 N HCl used to elute the 4-pyridoxic acid from the 
Dowex 50. A delactonization step was introduced to eliminate 
this problem. For delactonization 4 ml. of the 2 n HCl eluate 
from the Dowex 50 was pipetted in duplicate into 50 ml. grad- 
uated centrifuge tubes. 2 ml. of 5 n NaOH were added to each 
tube which made the solution 0.33 N and the tubes were heated 
in a boiling water bath for 5 minutes and then cooled. Several 
samples of 4-pyridoxic acid lactone were heated in 0.33 n NaOH 
from 0 to 25 minutes and 5 minutes was found to be adequate 
for complete delactonization. 

Lactonization—To neutralize the alkali, 2 ml. of 1 nN HCl were 
added to the tube which contained the sample to be lactonized. 
Then 2 ml. of 5 n HCl were added and the tube was heated in 
a boiling water bath for 15 minutes and cooled. It was found 
that 15 minutes of heating was adequate for lactonization. The 
second tube was not lactonized but was used to prepare the 
blank as described below. 

Adjustment of pH and Dilution—After lactonization the sam- 
ples were made slightly alkaline by the addition of 11 ml. of 1 
N NaOH and were then diluted to 30 ml. with water. From 
0.5 to 5 ml. (usually 2 ml.) of this solution was immediately 
diluted to 10 ml. by the addition of 1 per cent sodium borate 
solution. The pH of the final solution was 9.0 + 0.3 which was 
optimal for the fluorescence measurements (3). 

The blanks were handled differently because considerable lac- 
tonization appeared to take place in acid solution at room tem- 
perature. To prepare the blank, 11 ml. of 1 n NaOH was added 
to the second of the pair of tubes which had been delactonized 
as described above, followed by additions of 2 ml. of 1 n HCl, 
2 ml. of 5 n HCl and water to a volume of 30 ml. 2 ml. of this 
mixture were immediately diluted to 10 ml. with 1 per cent 
sodium borate for reading in the fluorometer. The fluorometric 
readings of the samples and blanks did not change for several 
hours in borate buffer. 

Fluorescence Measurements—Fluorescence measurements were 
made with a Coleman model 12 photofluorometer using filters 
B-1 and PC-1. A solution of 0.0375 yg. of quinine sulfate per 
ml. of 0.1 Nn H,SO, was employed as a reference standard. 

The standard curve was obtained by taking dilutions of syn- 
thetic 4-pyridoxic acid ranging from 0.067 to 0.201 yg. per tube 
and plotting the fluorometer readings for the lactone (corrected 
for blanks) against 4-pyridoxic acid concentration. A straight 
line graph relating the concentration of 4-pyridoxic acid to 
fluorometer readings was obtained. 

Fluorescence Spectra—An Aminco-Bowman spectrophotofiu- 
orometer was utilized to obtain the fluorescence spectra of syn- 
thetic 4-pyridoxic acid, urine which had been passed through the 
columns, and whole urine. The samples were delactonized and 
lactonized as described. A typical urine sample was selected 
from a subject who had not received pyridoxine supplements 
and was analyzed by the method of Huff and Perlzweig (3) but 
with delactonization and with a recovery sample. An aliquot 
of the same urine sample along with a duplicate sample contain- 
ing added 4-pyridoxic acid for recovery was fractionated through 
Dowex 1 and Dowex 50 columns, and then delactonized and 
lactonized in the usual manner. The optimum activating wave 
length for 4-pyridoxic acid lactone was found to be 350 my and 
the fluorescence peak was at 450 my. Slit arrangement No. 5 
was used with the meter multiplier set at 0.3 and the resulting 
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curves were recorded photographically.1_ The scale of the os- 
cillograph supplied with the Aminco-Bowman spectrophoto- 
fluorometer was modified as shown to make a more satisfactory 
photographic recording of the fluorescence spectra. 


EXPERIMENTAL 


Fluorescence Removed by Chromatography—To determine the 
order of improvement attained by the revised method as com- 
pared with the method of Huff and Perlzweig (3), the amount 
of background fluorescence lost through the chromatographic 
procedure was used as an index. The 4-pyridoxic acid in a num- 
ber of samples was determined with and without the chromato- 
graphic procedure and the results were compared. 

Interference of Vanilla—Sarett (9) found that a metabolite of 
coumarin was responsible for the high 4-pyridoxic acid excretion 
values reported in some studies in which vanilla flavoring con- 
taining coumarin had been used. The revised method was 
tested to determine whether or not the ingestion of vanilla 
flavoring would result in similar interference. 

The excretion of 4-pyridoxic acid by four subjects on a self- 
selected diet was determined on 3 successive days. On the 
fourth and fifth days, subject L. M. was given a supplement of 
5 ml. of vanilla extract, and subjects A. W., A. R., and V. V. 
were given a supplement of 5 ml. of artificial vanilla flavoring 
and 4-pyridoxic acid determinations were made on the 24 hour 
urine collections. 

Investigation of Existence of 4-Pyridoxic Acid Conjugates— 
Since Scudi et al. (12) stated that 4-pyridoxic acid was conju- 
gated in part by both man and the dog, evidence for the existence 
of 4-pyridoxic acid conjugates was sought. For this purpose 
urine samples were submitted to hydrolysis by refluxing in 0.5 
N HCl or 1.0 NH,OH forl hour. The acid-hydrolyzed sample 
was adjusted to pH 10.6, diluted to the original volume, and 
fractionated and assayed as usual. The NH,OH in the other 
sample was removed by boiling. The solution was then ad- 
justed to pH 10.6, diluted to the original volume, and chromato- 
graphed and assayed as usual. The samples were run in dupli- 
cate and before hydrolysis 4-pyridoxic acid was added to one of 
the samples in each pair to determine the recovery. Similar 
samples of the same urine were analyzed without hydrolysis. 

Excretion of 4-Pyridoxic Acid Following Ingestion of Single 
Supplement of Pyridoxine Hydrochloride—In this study two sub- 
jects on self-selected diets each collected a 24 hour urine sample 
after which each subject ingested 48.6 uwmoles (10 mg.) of pyri- 
doxine hydrochloride. 24 hour urine collections were obtained 
for 2 or 3 additional days. All of the urine samples were ana- 
lyzed for 4-pyridoxic acid by the method of Huff and Perlzweig 
(3) and by the revised method. 

Excretion of 4-Pyridoxic Acid on Constant Daily Intake of 
Vitamin B,—In the first study four subjects were placed for 5 
days on a constant diet containing 8.6 umoles of vitamin Bg plus 
9.7 umoles of synthetic pyridoxine hydrochloride. The pyri- 
doxine hydrochloride supplement was discontinued for the next 
5 days and the ten 24 hour urine samples collected from each 
subject were analyzed for 4-pyridoxic acid by the revised ana- 
lytical method. Analysis of a sample of the diet for the second 
5 days showed a vitamin Bs content of 8.3 uwmoles per daily 
portion. 

In the second study four other subjects were maintained for 


1K. Satoh, L. W. Dodge, and J. M. Price, unpublished data. 
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TaBLe I 


Effect of supplements of vanilla extract or flavoring on values for 
urinary 4-pyridozic acid 
The urine samples were analyzed for 4-pyridoxic acid content by 
the revised method reported here and the original method of Huff 
and Perlzweig (3) for comparison. 





umoles of 4-pyridoxic acid excreted per 24 hours by subject 


S. K. Reddy, M. S. Reynolds, and J. M. Price 
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TaBie II 
Excretion of 4-pyridozic acid 1 day before and for 3 days after 
ingestion of 48.6 wmoles of pyridozine hydrochloride 

The excretion of 4-pyridoxic acid is given in wmoles per 24 hours 
and the recoveries are given in per cent. The urine samples were 
all analyzed by the revised method reported here and by the 
original method of Huff and Perlzweig (3) for comparison. The 
pyridoxine supplement was given at the end of Day 1. 





A.W. A. R. V. V. 
nd Supplement 








Re- Re- Re- Re- 
vised |Original| vised |Original| vised |Original| vised |Original 
meth-| method} meth- | method| meth- | method) meth- |method 

od od od od 
1 None | 3.6 | 26.0 | 3.6 | 15.6 | 4.2 | 18.2 | 2.6 | 15.6 
2 None | 3.5 | 27.3 | 3.9 | 18.9 | 4.3 | 26.3 | 3.7 | 19.7 
3 5 ml. 3.9 | 35.1 | 4.1 | 85.9 | 4.3 | 57.3 | 3.5 | 58.6 
4 5 ml. 2.9 | 34.0 | 3.6 {121.3 | 4.6 | 82.6 | 3.3 |109.0 
































* This subject ingested supplements of vanilla extract while the 
other 3 subjects ingested supplements of artificial vanilla flavor- 
ing. 


an initial period of 6 days on a constant diet of ordinary foods 
(13) calculated to contain between 1 and 1.5 mg. of vitamin Bs 
daily. During a transitional period of 3 days the subjects were 
transferred to a semisynthetic diet in which almost all of the 
protein was supplied in the form of synthetic amino acids. On 
the semisynthetic diet a multivitamin supplement? containing 
3 mg. of pyridoxine hydrochloride provided essentially all of the 
the vitamin B, intake. The 24 hour urine collections for the 5th 
and 6th days on the ordinary diet and for the Ist, 2nd, 3rd, 13th 
and 14th days on the semisynthetic diet were analyzed for 
4-pyridoxic acid by the ion exchange procedure and by the 
method of Huff and Perlzweig (3). 

Recovery of 4-Pyridoxic Acid Taken Orally or Subcutaneously— 
A single oral dose of 10.5 umoles of 4-pyridoxic acid was admin- 
istered to each of four subjects on a controlled diet of ordinary 
foods. Later the four subjects each received an equivalent dose 
of 4-pyridoxic acid subcutaneously as the sodium salt in 1 ml. 
of saline. Urine collections were made for 1 day before and 3 
days after the administration of the supplements and were ana- 
lyzed for 4-pyridoxic acid content. 


RESULTS 


When urine samples were analyzed by both the method of 
Huff and Perlzweig (3) as modified by Sarett (9) and by the 
revised method described here it was found that the ion exchange 
chromatography removed from 40 to 75 per cent of the fluores- 
cence of the urine with no appreciable decrease in recoveries of 
added 4-pyridoxic acid. Examples of the type of results ob- 
tained with the two procedures may be seen in Table I, II, and 
IV and Figs. 1 to 3. 

In Fig. 1 the fluorescence peak of the lactone of synthetic 
4-pyridoxic acid was found to be at 450 my. No distinct peak 
was seen in the spectrum of the delactonized sample. 

The fluorescence peaks of a sample of urine (with and without 
recovery) which were fractionated and lactonized corresponded 
in wave length to that of the synthetic 4-pyridoxic acid (Fig. 2). 


2 Each subject was given one vitamin capsule daily. The cap- 
sules were a gift from Hoffmann-LaRoche, Inc., Nutley, New 
Jersey, and corresponded to the commercial product “Litrison.” 
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Subject S. R. Subject J. P. 
iy Revised method | Original method | Revised method | Original method 
ate a Pvery . . a 
doxizacid| covery \dosteacid|€°overy|qox07aciq| Recovery |4o,P™acia 8 
1 1.6 97 17.9 200 6.4 97 34.1 42 
2 19.7 97 33.6 184 27.8 101 45.5 46 
3 8.6 96 22.5 104 8.3 101 35.5 lll 
4 7.0 97 29.6 260 
TaB_e III 


Excretion of 4-pyridozic acid on two levels of vitamin Bs intake 

During the first 5 days the subjects received 8.6 uwmoles of 
vitamin B, from a constant diet of natural foods and 9.7 ymoles of 
pyridoxine hydrochloride. During the next 5 days the subjects 
received 8.3 wmoles of vitamin Bg from the foods without any 
supplement. 














umoles of 4-pyridoxic acid excreted per day by subject 
Days on experi- 
ment 
P. D. B. H. 5.3. A. Y. 
1 6.0 8.2 8.9 8.0 
2 8.1 10.4 8.1 8.5 
3 8.5 10.7 11.1 9.1 
4 9.2 11.4 10.4 9.8 
5 9.1 10.1 10.1 10.4 
6 6.2 7.2 7.2 6.5 
7 4.9 6.2 5.9 5.9 
8 4.2 4.6 4.6 4.6 
9 4.2 4.2 4.9 4.6 
10 3.9 4.2 4.2 4.2 














The peak of the recovery sample corresponded in magnitude to 
100 per cent recovery of the added synthetic material as deter- 
mined from the standard in Fig. 1. The delactonized samples 
had more fluorescence than the reagent blank so complete re- 
moval of interfering substances was not achieved in the fraction- 
ation. 

In Fig. 3 the fluorescence peaks of the unfractionated urine 
and the recovery samples were all at slightly lower wave lengths 
than that observed with the synthetic 4-pyridoxic acid. The 
spectrum of the recovery sample indicated a 130 per cent recov- 
ery of added synthetic 4-pyridoxic acid. The concentration of 
urine used to obtain the curves in Fig. 3 was half that used for 
Fig. 2. The peaks obtained in Fig. 3, however, were about twice 
the magnitude of those in Fig. 2. Thus about 75 per cent of 
the interfering fluorescence was removed from this urine sample 
by the chromatographic procedure without any detectable loss 
of 4-pyridoxic acid. 

The results in Table I provide evidence that the ingestion of 
vanilla flavoring containing coumarin failed to alter the values 
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TaBLe IV 


Excretion of 4-pyridozic acid by subjects on a constant, 
semisynthetic diet 

The subjects were kept on a constant diet of ordinary foods for 
6 days and transferred to the semisynthetic diet during a 3 day 
transition period. The calculated vitamin Beg intake during this 
period was about 7.3 umoles. The vitamin B, intake on the semi- 
synthetic diet was 14.6 wmoles daily, essentially all of which was 
supplied by a multivitamin capsule, which was administered from 
the start on the 10th day of the experiment. The urines were 
analyzed only on the days indicated and by the revised method. 

















umoles of 4-pyridoxic acid excreted daily 
Day of by subject 
experi- Diet 
ment 
S.$ J.J. S.C. E. M. 
5 Ordinary foods 3.7 3.7 3.4 4.9 
6 Ordinary foods 4.2 3.7 2.8 4.2 
10 Semisynthetic 6.8 7.3 7.3 6.8 
11 Semisynthetic 13.7 10.8 11.3 10.8 
12 Semisynthetic 13.0 16.5 16.0 13.0 
22 Semisynthetic 15.8 14.2 14.2 14.7 
23 Semisynthetic 15.2 14.2 14.7 14.7 














obtained with the revised method for urinary 4-pyridoxic acid, 
whereas the results obtained with the method described by 
Sarett were profoundly affected by this supplement. Ingestion 
of vanilla extract had little effect on the results obtained with 
either analytical method. 

The study to ascertain the existence of 4-pyridoxic acid con- 
jugates revealed that there was no change in the apparent 
4-pyridoxic acid content of the urine following acid or alkaline 
hydrolysis as described and the recoveries of 4-pyridoxic acid 
were not affected by hydrolysis. Since the results were un- 
questionably negative the data have not been recorded in detail. 

Table II shows the 4-pyridoxic acid excretion by two subjects 
following ingestion of a single supplement of 48.6 umoles (10 
mg.) of pyridoxine hydrochloride. For purposes of comparison 
4-pyridoxic acid values obtained by Huff and Perlzweig’s method 
are also presented. The corresponding recoveries are included 
and clearly indicate the relative efficacy of the two methods. 

The percentages of the test dose of pyridoxine accounted for 
by the increase in 4-pyridoxic acid excreted on the first day after 
supplementation were 37 and 44 per cent for the two subjects. 
According to Rabinowitz and Snell (5) 4-pyridoxic acid levels 
returned to normal 12 hours after the ingestion of a 100 mg. 
dose of any one of the three forms of vitamin Bs. In this study, 
however, it was found that by the second day following the in- 
gestion of the test dose of pyridoxine the urinary 4-pyridoxic 
acid levels had not returned to the basal levels. The sum of 
the increased excretion of 4-pyridoxic acid on the first two days 
was adequate to account for 51 and 48 per cent of the supplement 
administered to the two subjects. 

The results of the first study of 4-pyridoxic acid excretion by 
the subjects on a constant daily intake of vitamin Bs (Table 
IIT) showed that within 2 days of the addition of the supplement 
of synthetic vitamin B, the 4-pyridoxic acid levels increased and 
stabilized at a higher level. 2 days following removal of the 
supplemental pyridoxine the 4-pyridoxic acid levels decreased 
and stabilized at lower levels. The levels at which they stabi- 
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Fic. 1 shows the fluorescence spectra of 0.053 ug. of synthetic 
4-pyridoxic acid in lactonized (SL) and delactonized (SD) form. 

Fic. 2 contains the fluorescence spectra of 0.0027 per cent of a 
24 hour urine collection after passage through the columns and 
lactonization (UL) or delactonization (UD). A duplicate sample 
of urine which contained 0.053 ug. of synthetic 4-pyridoxic acid was 
also studied after lactonization (RL) and delactonization (RD). 

Fic. 3 shows the fluorescence spectra of 0.0014 per cent of a 
24 hour urine sample lactonized (UL) or delactonized (UD). A 
duplicate sample of urine containing 0.053 ug. of synthetic 4-pyri- 
doxic acid was lactonized (RL) and delactonized (RD) for com- 
parison. The other curve (B) in each figure represents the rea- 
gent blank. 


lized in either case accounted for about 50 per cent of the corre- 
sponding vitamin intake. 

The 4-pyridoxic acid excretion during the second study of 
subjects on a constant diet is shown with corresponding vitamin 
Bg intakes (Table IV). With the ingestion of a total of 14.6 
umoles of pyridoxine on the semisynthetic diet the 4-pyridoxic 
acid in the urine gradually increased. On the 13th and 14th 
days (the 22nd and 23rd days of the experiment) 4-pyridoxic 
acid excretion stabilized at a level which accounted almost quan- 
titatively for the vitamin ingested. Striking uniformity in val- 
ues was observed from subject to subject throughout the experi- 
ment. 

The 4-pyridoxic acid excretion values following oral and sub- 
cutaneous administration of equal amounts of 4-pyridoxic acid 
are graphically presented in Fig. 4. Following subcutaneous 
administration of 10.5 umoles of 4-pyridoxic acid the increased 
excretion of 4-pyridoxic acid by the four subjects was sufficient 
to account for from 89 to 111 (average 98) per cent of the supple- 
ment. 
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When 10.5 umoles of 4-pyridoxic acid was administered orally 
the increase in the 4-pyridoxic acid excretion in the first 24 hours 
after administration was adequate to account for 50, 55, 37, and 
22 (average 41) per cent of the ingested amount. There ap- 
peared to be some increase in 4-pyridoxic acid excretion on the 
second and even on the third day. The ingested 4-pyridoxic 
acid accounted for in the urine of the four subjects through the 
entire period of 72 hours after administration of the oral dose was 
50, 68, 49, and 31 (average 50) per cent. 


DISCUSSION 


In the method described here ion exchange chromatography 
was used to remove from 40 to 75 per cent of the fluorescent 
substances in urine which had fluorescence similar to that of 
4-pyridoxic acid in the fluorometric determination of this metab- 
olite, whereas no loss of added 4-pyridoxic acid occurred. As a 
result, it was possible to assay normal urines for 4-pyridoxic 
acid with considerably greater precision than was possible pre- 
viously as a result of the removal of a large part of the interfer- 
ing substances. 

Recoveries with the method of Huff and Perlzweig (3) as 
modified by Sarett (9) were extremely variable, presumably be- 
cause of interfering substances. Recoveries with the ion ex- 
change procedure ranged between 85 and 105 per cent. When 
the lactone of 4-pyridoxic acid was added to urine it was recov- 
ered equally well. The fluorescence spectra of the fractionated 
urine also indicated that reasonably good purification of the 
urinary 4-pyridoxic acid was achieved without loss of added 
4-pyridoxic acid in the chromatographic procedure. 

It was possible to analyze satisfactorily only those 24 hour 
human urines which contained 2 or more wmoles of 4-pyridoxic 
acid, whereas values obtained with samples which contained less 
than 2 uwmoles were subject to question. It is possible that the 
method could be modified by additional chromatographic steps 
to make it suitable for use with samples of urine containing lower 
levels of 4-pyridoxic acid. 

Results obtained by the two methods showed that the 4-pyri- 
doxic acid values with the ion exchange procedure were about a 
third to a fifth of the values obtained by Huff and Perlzweig’s 
method. High 4-pyridoxic acid values obtained previously may 
have been responsible in part for data showing excretion in dis- 
tinct excess of intake (6, 14, 15). From these data it was postu- 
lated that there was considerable synthesis of the vitamin in 
man. Thus Linkswiler et al. (6) found that on a constant intake 
of 0.76 mg. of vitamin Be, the daily excretion of vitamin Be 
metabolites amounted to 3.54 mg. On an intake of 2.78 or 
15.78 mg. per day the excretion of pyridoxine metabolites was 
4.36 or 10.69 mg., respectively. Since the diet was otherwise 
constant, the level of urinary substances which interfered with 
the assay may be assumed to be constant. Thus with a low 
intake of vitamin Bg the interference of substances other than 
4-pyridoxic acid in the fluorometric procedure would be expected 
to be relatively large, while on an intake almost 20 times as great, 
interference might be expected to be negligible. It should now 
be possible to test this possibility with further studies. 

Johnson et al. (4) reported that 54 per cent of an 8 mg. supple- 
ment of pyridoxine was excreted by way of known metabolic 
products of vitamin Bs. 45 per cent of a 100 mg. supplement of 
pyridoxine was accounted for in the urine in the study of Rabino- 


38. K. Reddy, M. 8. Reynolds, and J. M. Price, unpublished 
data. 
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BASAL AND DAYS AFTER SUPPLEMENTATION 
Fic. 4. Urinary excretion of 4-pyridoxic acid by four subjects 
on a constant diet of ordinary foods 1 day before (basal) and for 
3 consecutive days after a single supplement of 10.5 umoles of 
4-pyridoxic acid. The supplement was given orally in one experi- 
ment and subcutaneously in the second experiment. 


witz and Snell (5). In the present studies 37 and 44 per cent of 
a 10 mg. dose of pyridoxine hydrochloride could be accounted 
for by the increase of 4-pyridoxic acid excretion. Thus the 
results obtained here were very similar to those previously re- 
ported when single large supplements of pyridoxine hydrochlo- 
ride were given. 

The excretion of 4-pyridoxic acid by the subjects on the con- 
stant diet of ordinary foods with and without pyridoxine supple- 
ments was adequate to account for a percentage of the vitamin 
Bg intake similar to those observed following single doses of the 
vitamin. The percentage of the ingested vitamin accounted for 
as urinary 4-pyridoxic acid in the study using subjects on a 
semisynthetic diet was of a different order of magnitude, in that 
the 4-pyridoxic acid excretion was almost equivalent to the 
pyridoxine intake. At present no explanation can be offered for 
the unexpected results obtained with the semisynthetic diet. 

The differences in the extent to which 4-pyridoxic acid was 
accounted for in the urine following oral and subcutaneous ad- 
ministration of 4-pyridoxic acid itself cannot be explained. The 
4-pyridoxic acid given orally may either be incompletely ab- 
sorbed or partially destroyed by intestinal microorganisms, or 
both. The high urinary recovery of injected 4-pyridoxic acid 
in man would suggest that this product may not be metabolized 
further to an appreciable extent. If it were oxidized further or 
even conjugated it would likely have been lost in the chromato- 
graphic procedure or might have failed to change in fluorescence 
during lactonization. 

After the development of this method a similar method by 
Fujita et al. (16) using ion exchange resins was noted. The 
method of Fujita et al. has the advantage over the present one 
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in that pyridoxal, pyridoxine, and pyridoxamine may be indi- 
vidually estimated along with 4-pyridoxic acid. However, the 
determination of 4-pyridoxic acid by the method of Fujita et al. 
appears to be more complicated than the one described here, al- 
though recoveries appear to be comparable in the two methods. 
The revised method reported here was satisfactory to assay 
urines containing as little as 0.5 ug. per ml. Such levels have 
often been found in normal urine samples.* It is not known 
whether the method of Fujita et al. could be used to assay urines 
containing less 4-pyridoxic acid than 1.24 yg. per ml., the lowest 
values presented in their report. 


SUMMARY 


A method has been described for the fluorometric determina- 
tion of urinary 4-pyridoxic acid after the removal of interfering 
fluorescent compounds by ion exchange chromatography on 
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Dowex 1 (Cl-) and Dowex 50 (H+). From 40 to 70 per cent of 
the fluorescence of the urine was removed by chromatography 
while recoveries of added 4-pyridoxic acid were essentially quan- 
titative. The method was suitable for human urine samples 
containing over 2 umoles of 4-pyridoxic acid per 24 hours. 

Approximately half of a single dose of 48.6 wmoles (10 mg.) 
of pyridoxine hydrochloride could be accounted for by increased 
urinary 4-pyridoxic acid excretion. The 4-pyridoxic acid excre- 
tion by human subjects ingesting a constant diet of ordinary 
foods containing 18.6 or 8.3 wmoles of vitamin Be was adequate 
to account for a similar percentage of the vitamin intake. On 
a constant semisynthetic diet the urinary 4-pyridoxic acid ac- 
counted for almost all of the pyridoxine intake. 

Ingested 4-pyridoxic acid was accounted for to the extent of 
about 50 per cent in the urine, but following subcutaneous ad- 
ministration it was excreted almost quantitatively within 24 
hours. 
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Although the metabolism of catechol amines, such as epi- 
nephrine, norepinephrine, and 3-hydroxytyramine (dopamine) 
was thought at one time to proceed mainly by deamination 
(3, 4), the possibility of other pathways has been recognized (5). 
Recently, Armstrong and McMillan (6) have found 3-methoxy- 
4-hydroxymandelic acid to be a major metabolite of epineph- 
rine and norepinephrine. Three possible pathways are sug- 
gested by these findings: (a) deamination of amines is followed 
by O-methylation; (6) O-methylation precedes deamination; 
(c) both pathways operate concurrently. The following study 
demonstrates the normal occurrence of O-methyl metabolites 
of catechol amines in urine and certain tissues as well as the O- 
methylation of administered catechol amines. These naturally 
occurring derivatives of epinephrine and norepinephrine which 
have a methyl ether group on the phenolic hydroxy] in a position 
meta to the side chain, will be called metanephrine and normeta- 
nephrine. 


Materials and Methods 


Synthesis of 3-O-Methylcatechol Amines—Metanephrine (3-O- 
methylepinephrine) is formed in the reductive condensation (7) 
of methylamine with 3-methoxy-4-hydroxyphenylglyoxal avail- 
able from 3-methoxy-4-hydroxyacetophenone by oxidation with 
selenium dioxide’ (8). 

In order to utilize a common intermediate in the synthesis of 
both 3-methoxytyramine as well as normetanephrine (3-O-meth- 
ylnorepinephrine), a nitroaleohol was prepared by condensation 
of O-benzylvanillin with nitromethane (11-13) under special 
precautions in the cold. Dehydration of the nitroalcohol to 
give the nitrostyrene (14) occurs with great ease. The reduc- 
tion of the nitrostyrene with zinc in acetic acid has been re- 
ported to lead to 3-methoxy-4-benzyloxyphenylacetaldoxime 
(12). With 10 per cent palladium on carbon in ethanol con- 
taining hydrochloric acid, 3-methoxytyramine was obtained in 
excellent yield. 

When palladium was used in the reduction of the nitroalco- 
hol, debenzylation and partial reduction of the nitro group was 
observed. The reduction mixture contained normetanephrine 
as well as the debenzylated nitroalcohol which in the course of 
isolation dehydrated to the known w-nitro-3-methoxy-4-hy- 


* A preliminary report of this work has been published (1, 2). 

1 For preparations of metanephrine on a larger scale the 
Friedel-Crafts acylation of substituted guaiacols (9) proved to be 
more convenient. We are greatly indebted to Dr. B. F. Tullar, 
Sterling-Winthrop Research Institute, for placing pL-meta- 
nephrine hydrochloride, synthesized by this method, as well as 
the resolved compound, t-metanephrine-p-bitartrate (10) at 
our disposal. 


droxystyrene (15). When in the reduction of the nitroalcohol 
platinum was used first, the benzyl ether of normetanephrine 
was obtained which yielded normetanephrine on debenzylation 
in an over-all yield of 60 per cent. 

Synthesis of pt-Metanephrine—In a 500 ml., three neck flask, 
equipped with a ground glass mechanical stirrer, a dropping 
funnel, and a gas inlet tube, 1.5 gm. of 10 per cent palladium 
charcoal and 0.5 gm. of palladium oxide in 50 ml. of ethanol was 
saturated with hydrogen. To this was added the solution of 
0.31 gm. of methylamine in 5 ml. of ethanol, and then dropwise 
at the rate of 12 drops/minute a solution of 2 gm. of 3-meth- 
oxy-4-hydroxyphenylglyoxal (m.p. 84-86°, crystallized as 
as hydrate, CyHs0,-H,0, from ether) in 50 ml. of ethanol 
with vigorous agitation. In the course of 5 hours the mix- 
ture absorbed 470 ml. of hydrogen in accordance with theory. 
After filtration the clear solution was concentrated and the resi- 
due was dissolved in a small quantity of ethanol and saturated 
with dry hydrogen chloride. With the addition of ether, the 
oily hydrochloride deposited and solidified gradually. The 
hydrochioride (about 350 mg.) was dissolved in water, decol- 
orized with charcoal, and concentrated to dryness. The viscous 
hydrochloride was recrystallized from water-acetone to yield 
240 mg. of pt-metanephrine hydrochloride, identical in all re- 
spects with a sample synthesized via Friedel-Crafts acylation’ 
(m.p. 175°). ACH2*s°#. 931 my (€ 7600); 280 mu (e 3100). 

pt-Normetanephrine—11 gm. of vanillin benzylether (14) was 
dissolved in 180 ml. of hot absolute ethanol and then cooled in 
an ice-salt bath with stirring; the aldehyde separated as a finely 
divided crystalline powder. To this suspension was added 3.7 
ml. of nitromethane and then, after cooling to —12°, an ice-cold 
solution of 5.1 gm. of potassium hydroxide in 100 ml. of 90 per 
cent ethanol was added dropwise with stirring in the course of 
25 minutes. The temperature was kept at —15° to —12° 
throughout the time of addition, during which the aldehyde 
dissolved. The reaction mixture soon became a thick mush of 
fine colorless crystals. Agitation was continued for 2 hours 
while the temperature was kept at —10° to —5°, and the mix- 
ture was then acidified by the careful addition of 8 ml. of con- 
centrated hydrochloric acid diluted with 100 ml. of ice water. 
The crystallization of the nitroalecohol was rendered complete by 
the addition of 300 ml. of cold water. The product (13.6 gm. 
yield > 90 per cent) was collected, washed with water, and 
dried (m.p. 97-105°). For purification, 10 gm. of the above 
crude product were dissolved in 120 ml. of ethanol by slight 
warming. To the light yellow solution were added 15 ml. of 
water. After several minutes in the ice bath 1.7 gm. of yellow 
erystals (m.p. 97-120°), largely the nitrostyrene derivative, 
separated. To the filtrate was added 100 ml. of water and the 
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solution was cooled in an ice bath for 1 hour. There was ob- 
tained 8.03 gm. of light yellow leaflets of a-(3-methoxy-4- 
benzyloxypheny])-8-nitroethyl alcohol, m.p. 107-109°. 


CysHuNO; 
Calculated: C 63.36, H 5.65, N 4.62 
Found: C 63.87, H 5.62, N 4.44 


ACHC!s: 2.81 w (m); 6.25 u (s); 6.45 uw (s); 6.65 uw (s); 6.87 w 
(s); 7.09 uw (m); 7.28 uw (s); 7.52 w (s). ACBC'S: 281 my (e 
3400); 372 my (€ 640). 

To a suspension of platinum black prepared from 500 mg. of 
platinum dioxide in 50 ml. of absolute ethanol saturated with 
hydrogen, was added a solution of 2 gm. of the nitroalcohol in 
100 ml. of absolute ethanol. During 2 hours 374 ml. of hydrogen 
was taken up (calculated for the uptake of 3 moles, 369 ml. at 
26°). After the catalyst was removed by filtration and washed 
with hot ethanol, a suspension of 400 mg. of 10 per cent pal- 
ladium-charcoal and 50 ml. of ethanol containing 1 ml. of con- 
centrated hydrochloric acid was added to the combined filtrates. 
During 3 minutes 141 ml. of hydrogen was rapidly taken up. 
The catalyst was filtered and washed with hot ethanol, the com- 
bined filtrate was concentrated to a small volume in vacuo 
and allowed to stand in the cold room overnight. The colorless 
crystalline product (680 mg.) was collected, m.p. 192-195°, 
reported 192-193° (7). A second crop (150 mg.) was obtained 
from mother liquors (total yield 58 per cent). A2%5°*; 239 
my (¢€ 7100); 282 my (€ 2970). 

3-Methoxytyramine—3 gm. of a-(3-methoxy-4-benzyloxy- 
phenyl)-8-nitro-ethyl alcohol were mixed with 3 gm. of fused 
sodium acetate and treated with 10 ml. of acetic anhydride. 
The mixture was kept close to the boiling point for 5 minutes 
and then poured into 60 ml. of cold water. An oil separated 
and quickly crystallized. After standing for 1 hour, the yellow- 
brown crystals (2.7 gm.) of 3-methoxy-4-benzyloxy-w-nitro- 
styrene were collected, washed with water, and dried. Re- 
crystallization from ethanol yielded yellow crystals (2.6 gm.), 
m.p. 124.5-125°, reported m.p. 122—123° (14). 

The mixture of 0.5 gm. of 10 per cent palladium on charcoal 
and 1.4 gm. of the nitrostyrene in 100 ml. of absolute ethanol 
containing 1 ml. of concentrated hydrochloric acid and 2 


TaBLeE | 
Rr values of methoxy metabolites of catechol amines* 











Metanephrine N “sue, "ae J 
Solvent system 
From | Syn- From Syn- | From | Syn- 
urine | thetic | urine | thetic | urine | thetic 
n-Butanol-acetic acid- 
NE Ss 0.48 | 0.48 | 0.36 | 0.37 | 0.48 | 0.48 
Isopropyl-alcohol-NH; 
(5 per cent), 8:2...... 0.80 | 0.80 | 0.55.) 0.55 | 0.78 | 0.78 
20 per cent KCl solution.| 0.75 | 0.75 | 0.72 | 0.74 | 0.69 | 0.70 























* Ascending technique with Whatman No. 1 filter paper was 
used. When chromatograms were sprayed with 0.1 per cent di- 
chloroquinone chlorimide in alcohol followed by 0.1 m pH 10 
borate buffer metanephrine and normetanephrine gave blue spots 
and 3-methoxytyramine gave a brown spot. With diazotized 
p-nitroaniline followed by 1 N ethanolic NaOH, metanephrine and 
normetanephrine yielded purple colors, whereas 3-methoxytyra- 
mine gave an olive spot. 
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drops of perchloric acid was hydrogenated catalytically. During 
2 hours 620 ml. of hydrogen were taken up and the reduction 
was stopped (calculated for 4 moles, 615 ml. at 25°). The 
catalyst was filtered off and washed with hot ethanol, the filtrate 
was concentrated to a small volume and stored in the cold room. 
The deposited colorless crystals were collected and recrystallized 
from ethanol (870 mg.) (m.p. 208-212°). An additional crop 
(110 mg.) from mother liquors raised the total yield to 97 per 
cent. 


CsHi3NO2- HCl 
Calculated: C 53.02, H 6.93, N 6.88 
Found: C 52.99, H 7.06, N 6.91 


228 my (€ 6100), 281 my (€ 2880). 
3-Methoxytyramine was determined by the same procedure 
described for other methoxyamine metabolites (2). 


02H: 0H ‘ 


max ” 


RESULTS 


Normetanephrine and Metanephrine in Rat Urine—Urine of 
six rats (N.I.H. stock) was collected for 24 hours and incubated 
with 100,000 units of bacterial 6-glucuronidase (Sigma) at pH 
6.5 for 4 hours at 37°. After incubation the mixture was ad- 
justed to pH 10 with sodium hydroxide and borate buffer and 
extracted three times with 5 volumes of ethylene dichloride® 
containing 2 per cent isoamyl alcohol.2 The organic phase 
was then shaken with 0.04 volume of 0.1 Nn HCl and the acid 
extract evaporated to dryness in vacuo. The residue was taken 
up in methanol and evaporated. The concentrated methanol 
extract was distributed along the starting line of Whatman No. 
1 filter paper. After completion of the chromatographic process 
(ascending technique with butanol-acetic acid-water mixture, 
8:2:2) the filter paper was dried and a strip of an area corre- 
sponding to an Ry value of 0.35 to 0.55 was cut out and eluted 
with methanol. The resulting extract had compounds that 
gave the same Ry values in three solvent systems and the same 
color reactions as authentic samples of normetanephrine and 
metanephrine (Table I). The intensity of the color reaction of 
the normetanephrine spot was greater than that of metanephrine, 
indicating the excretion of higher amounts of the former com- 
pound. 

Metanephrine from Epinephrine—Six male rats were given 5 
mg. of L-epinephrine-p-bitartrate per kilo of weight intraperi- 
toneally and the urine was collected for 24 hours. To reduce the 
toxic effects of the catechol amine, 10 mg. of Dibenamine hydro- 
chloride (per kilo of weight) was administered intraperitoneally 
30 minutes prior to the injection of epinephrine. An aliquot 
of the urine was treated with 8-glucuronidase, extracted and 
chromatographed as described above. The resulting extract 
was the same as synthetic metanephrine with regard to ultra- 
violet fluorescence spectrum (Amax of fluorescence 335 my, 
Amax Of exciting beam 285 my), Rr values in three solvent sys- 
tems (Table I) and distributions in two-phase systems (Table 
II). 

About 21 per cent of the administered epinephrine was ex- 
creted as metanephrine glucuronide and 4 per cent as the free 
methoxy metabolite (cf. (2), Table 1). The excretion of total 
metanephrine was increased 2-fold when the rats were pretreated 
with iproniazid, a monamine oxidase inhibitor. 


2 All solvents were purified by successive washings with 1 N 
NaOH, 1 n HCI, and water. 
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Normetanephrine from Norepinephrine—The isolation of 
normetanephrine from urine after the intraperitoneal administra- 
tion of L-normetanephrine-p-bitartrate (5 mg./kilo) followed 
the same procedure as described above. Normetanephrine 
isolated from the urine and authentic normetanephrine had the 
same ultraviolet fluorescence spectra (Amax of fluorescence 335, 
\max Of exciting beam 285 mu), Re values (Table I), color reac- 
tions and distribution coefficients (Table II). 

The administration of norepinephrine to rats resulted in the 
excretion of 17 per cent normetanephrine, predominantly as 
glucuronide, (cf. (2), Table 2). After pretreatment with 
iproniazid the excretion of total normetanephrine was markedly 
elevated. 

3-Methoxytyramine from 3-Hydroxytyramine—Six rats re- 
ceived 10 mg. of 3-hydroxytyramine hydrochloride (per kilo 
of weight) intraperitoneally and the urine was collected for 24 
hours. An aliquot of the urine was incubated with 6-glucuroni- 
dase and 3-methoxytyramine extracted and chromatographed 
as previously described. 3-Methoxytyramine isolated from 
the urine had the same ultraviolet fluorescence spectra (A max 
of emitting beam 335 my, Amax of exciting beam 285 mu), Rr 
values (Table I), color reactions, and distributions (Table II) 
as an authentic sample of the compound. 

About 3 per cent of the administered 3-hydroxytyramine was 
excreted as 3-methoxytyramine, half of which was conjugated 
with glucuronic acid. Pretreating rats with iproniazid resulted 
in a 5-fold elevation in the excretion of total 3-methoxytyramine. 

Urine, after treatment with B-glucuronidase, was also examined 
for homovanillic acid, the deaminated metabolite of 
3-methoxytyramine. After acidification with hydrochloric 
acid, the urine was extracted with 10 volumes of n-butanol. The 
butanol layer was reextracted with 3 per cent sodium bicarbonate 
solution and the aqueous layer reextracted with n-butanol at pH 
1. The butanol extract was reduced to a small volume and 
subjected to paper chromatography with the solvent systems 
described in Table I. Spots appearing on the chromatograms 
had the same color reactions and Rr values as those reported 
for homovanillic acid (16). 

Normetanephrine and Metanephrine in Tissues—Several organ 
tissues which have high concentrations of epinephrine and norep- 
inephrine were examined for the corresponding methoxy 
derivatives. 10 adult male rats (Osborne-Mendel stock) were 
decapitated. Adrenal glands, spleens, and brain stems were 
removed, chilled, and immediately homogenized with an equal 
volume of 0.1 nN HCl. Another group of 10 rats was given 50 
mg. of iproniazid phosphate (per kilo of weight) intraperitoneally 
twice daily for 3 days, and adrenal glands, spleens, and brain 
stems were prepared as above. The homogenates were adjusted 
to pH 10.0 with 1 Nn NaOH and borate buffer and the methoxy 
compounds extracted as described above except that isoamyl 
alcohol was used as the solvent. Methanol extracts of the tis- 
sues were subjected to two-dimensional chromatography (as- 
cending technique) with Whatman No. 1 filter paper, isopro- 
panol-ammonia (5 per cent), 8:2, being used as the first solvent 
system and n-butanol-acetic acid-water, 8:2:2, as the second. 
After the chromatogram was sprayed with 0.1 per cent 2,6- 
dichloroquinone chlorimide in alcohol (17) followed by 0.2 m 
borate buffer at pH 10.0, adrenal tissue extracts showed the 
presence of two compounds having the same Ry values and color 
reaction as metanephrine and normetanephrine (Table III). 
Chromatograms of spleen extracts had a single blue spot with the 
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TaB_e II 


Distribution of methoxy metabolites of catechol amines between 
ethylene dichloride and various buffers 


Distributions were carried out in 10 volumes of ethylene di- 
chloride containing 2 per cent isoamyl alcohol and 1 volume of 
0.5 borate buffer. An aliquot of the organic phase was extracted 
with 0.1 Nn HCl and the relative concentrations of the compounds 
were determined by measuring the fluorescence at 335 my after 
activation at 285 mu. Results are expressed as per cent of com- 
pound extracted into the organic phase. 









































Metanephrine Normetanephrine 3-Methoxytyramine 
pH ; ori 
— Synthetic —_ Synthetic — Synthetic 
8 10 | 12 8 6 20 22 
10 52 52 33 72 72 
11.3 29 | 28 12 ll 56 56 
11.7 22 | 2i 10 | 60 51 
| 
TaBLe III 
Methory metabolites in tissues 
Untreated rats Iproniazid-treated rats 
Tissue ; ial 
Normetane- | Metane- Normetane- Metane- 
phrine | phrine phrine phrine 
a 
Adrenal gland....... + + ++ | ++ 
SRS errr + | _ | ++ | “ 
| Re ee - _ + - 





+ = present; — = absent. 


same Ry, values as normetanephrine. In iproniazid-treated 
animals the amounts of the methoxy compounds were elevated 
as indicated by the increased intensity of the blue spots. Neither 
normetanephrine nor metanephrine was found in brain extracts 
of untreated rats. However, normetanephrine was present in 
brain stem extracts of rats that were treated with iproniazid. 


DISCUSSION 


These observations, together with related results (2) demon- 
strate the O-methylation of catechol amines prior to oxidative 
deamination and indicate that this pathway is a principal route 
of epinephrine and norepinephrine metabolism. The metabolic 
interrelationships of catechol amines in vivo are summarized in 
Fig. 1. 

The endogenous catechol amine hormones undergo O-methyla- 
tion in the same fashion. This is demonstrated by their pres- 
ence in urine, adrenal glands and spleen. The active enzyme 
is an O-methyl transferase requiring the presence of S-adenosyl- 
methionine and divalent cations and is described in another 
report (18). 

In the light of these facts, the two major metabolites of C™- 
labeled epinephrine and norepinephrine in rats (19) are best 
interpreted as the glucuronide of metanephrine (Peak 1 on 
radiogram of Fig. 1) (19), and 3-methoxy-4-hydroxymandelic 
acid glucosiduronic acid (Peak 2). The lesser peaks presumably 
are the unconjugated metabolites. The administration of a 
monoamine oxidase inhibitor (iproniazid) markedly increases 
Peak 1 at the expense of Peak 2. This is in agreement with 
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Fig. 1. Metabolism of catechol amines. 


Although the formation of 3,4-dihydroxymandelic acid from catechol amines in vivo has 


not been demonstrated such a metabolic sequence cannot be disregarded. The compound may arise from epinephrine and norepine- 


phrine if deamination preceded O-methylation. 


the observation that the excretion of the glucuronides of meta- 
nephrine and normetanephrine is increased more than 2-fold after 
the administration of epinephrine or norepinephrine together 
with iproniazid (2). 

The successive replacement of phenolic hydroxyl groups of 
sympathomimetic amines is known to shift the pharmacological 
activity from the peripheral to the central nervous system with 
the concomitant loss of pressor action (9). In between extremes, 
such as the pressor-active epinephrine and the hallucinogenic 
mescaline, partially methylated analogues still carrying free 
phenolic hydroxyl groups are now acquiring interest. Normet- 
anephrine which is ; resent in brain after iproniazid deserves 
special attention with regard to possible psychopharmacological 
effects. It is conceivable that many of the physiological actions 
of epinephrine and norepinephrine are mediated through O- 
methylated metabolites. 


SUMMARY 


1. Methods for the synthesis of O-methylated metabolites 
of catechol amines, metanephrine, normetanephrine, and 3-meth- 
oxytyramine are described. 

2. Normetanephrine (3-O-methyl-normetanephrine) and met- 
anephrine (3-O-methylepinephrine) were present in rat urine as 
glucosiduronic acids. 

3. Normetanephrine was found to be present in rat adrenal 
glands and spleen, metanephrine in adrenal glands and nor- 
metanephrine in brain after pretreatment with iproniazid. 

4. After the administration of epinephrine, norepinephrine and 
3-hydroxytyramine, the corresponding 3-O-methy] ether metabo- 
lites were identified in the urine. 
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Many studies in vitro have implicated cytochrome oxidase 
and monoamine oxidase in the metabolism of epinephrine and 
other catechol amines (2). However, no evidence for the partic- 
ipation of cytochrome oxidase in the metabolism of epinephrine 
in vivo has been obtained. Furthermore, several investigations 
have indicated that monoamine oxidase plays only a minor role 
in the inactivation of epinephrine (3-5). Recently, Armstrong 
and MeMillan have shown that a major metabolic product of 
norepinephrine in man is 3-methoxy-4-hydroxymandelic acid (6). 
Work in this laboratory has also demonstrated that O-methyla- 
tion of epinephrine and other catechols precedes deamination 
in vivo (7, 8). These observations suggested the presence of 
an enzyme that can carry out the O-methylation of catechol 
amines. This paper describes the properties of an enzyme that 
transfers the methyl group of S-adenosylmethionine to the 
hydroxyl group in position 3 of epinephrine and other cate- 
chols. 


EXPERIMENTAL 


Materials—3-Methoxy-4-hydroxymandelic acid and 3,4-di- 
hydroxymandelic acid were kindly supplied by Drs. M. L. 
Fish and M. D. Armstrong, respectively. Catechols and 
phenols were obtained commercially. AMe! was prepared 
enzymatically (9). Purified monoamine oxidase and aldehyde 
dehydrogenase were generously supplied by Dr. H. Weissbach. 
Metanephrine (3-O-methylepinephrine), normetanephrine (3-O- 
methylnorepinephrine), and 3-methoxytyramine were synthe- 
sized by procedures described in a second report (7). 

Methods—Metanephrine, normetanephrine, and 3-methoxyty- 
ramine were extracted from borate buffer (pH 10) into 20 volumes 
of ethylene dichloride? containing 2 per cent isoamy] alcohol,? 
returned to 1.5 ml. 0.1 N HCl, and measured fluorometrically 
at 335 my after activation at 285 my. To correct for the parti- 
tion of the methylated metabolites in the two-phase system, 
known amounts of synthetic compounds were carried through 
the procedure. Epinephrine, norepinephrine, and dopa were 
determined fluorometrically by the procedure of von Euler 
and Fléding (10) and other catechols by the procedure of Weil- 
Malherbe and Bone (11). Phenols were determined colori- 
metrically with Folin-Ciocalteu reagent (12) after removal of 
proteins with trichloroacetic acid. Proteins were measured 
by the procedure of Warburg and Christian (13). 

Enzyme Assay—O-Methy] transferase activity was determined 
by measuring the amount of metanephrine formed from epi- 


* A preliminary report of this work has been published (1). 

1The abbreviations used are: AMe, S-adenosylmethionine; 
dopamine, 3,4-dihydroxyphenylethylamine; and dopa, 3,4-dihy- 
droxyphenylalanine. 

2 All solvents were washed with 1 n NaOH, 1 n HCl, and water. 


nephrine. The mixture, containing enzyme preparation, 0.3 
umole of /-epinephrine-p-bitartrate, 10 umoles of magnesium 
chloride, 0.1 umole of AMe, 50 umoles of phosphate buffer at 
pH 7.8, and water to make a final volume of 1 ml., was incubated 
in a 40 ml., glass-stoppered centrifuge tube at 37°. At the end 
of 30 minutes, 0.5 ml. of borate buffer (0.5 m, pH 10.0) was 
added and the incubation mixture was assayed for metanephrine 
as described above. 


RESULTS 


O-Methylation of |-Epinephrine—Previous work has shown 
that upon incubation of l-epinephrine with the soluble fraction 
of rat liver, and Mg*+, the catechol amine was methylated on 
the hydroxyl group meta to the side chain. In the absence of 
AMe, no methylation occurred. These observations indicated 
the presence of an enzyme, O-methy] transferase, in the rat liver 
that can transfer the methyl group of AMe to one of the phenolic 
groups of epinephrine. 

Preparation of O-Methyl Transferase from Rat Liver—10 adult 
male rats were stunned, exsanguinated, and the livers were 
immediately removed and chilled. All further purification 
procedures were carried out at 0-5°. Livers (100 gm.) were 
homogenized with 400 ml. of isotonic KCl and centrifuged at 
78,000 x g for 30 minutes. The soluble supernatant fraction, 
(320 ml.) was adjusted to pH 5.0 with 1 m acetic acid, allowed 
to stand for 10 minutes, and centrifuged. To 300 ml. of the 
supernatant fraction were added 52 gm. of ammonium sulfate 
(0 to 30 per cent saturation). The precipitate was discarded 
and 34 gm. of ammonium sulfate (30 to 50 per cent saturation) 
were added to the supernatant fraction. After centrifugation, 
the precipitate was dissolved in 50 ml. of water and dialyzed for 
6 hours against 0.001 m phosphate buffer (pH 7.0). The 
dialyzed solution was diluted to contain 9 mg. of protein per 
ml. in 0.02 m acetate buffer (pH 5.0). To 100 ml. of this solu- 
tion, 45 ml. of calcium phosphate gel (18 mg. of solids per ml.) 
were added. After 15 minutes the sample was centrifuged and 
the gel eluted twice with 25 ml. portions of 0.02 m phosphate 
buffer (pH 6.9). The preparation obtained by this procedure 
was purified about 30-fold (Table I) with a 15 to 30 per cent 
yield. The purified enzyme preparation was found to be stable 
for at least 3 months at —10°. 

Properties of the Purified Enzyme—In the absence of AMe or 
Mg**, negligible O-methylation occurred (Table II). Incuba- 
tion under anaerobic conditions did not affect the rate 
of O-methylation. No stimulation of enzyme activity was 
observed with glutathione. 

The stoichiometry of the enzymatic reaction is shown in 
Table III. Approximately 1 mole of metanephrine was formed 
for each mole of epinephrine metabolized. 
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TaBLeE I T T T T oy 
Purification of O-methyl transferase fan) 
lJ 0.04 + 4 
Step Units* Specific activity ra 
, 5 erm 
=" = s ‘ . 
1, Soluble fraction of liver............ 132 0.014 ie 
D. SM i550 06050 cree pavers 121 0.027 > = 
3. Ammonium sulfate ppt. (30 to 50 x 4 0.02 + 7 
ER Fini 16s patmakdatenid 93 0.080 + oO 
4. Calcium phosphate adsorption and Ww Ss 
5 eR he Pe peer ee 38 0.420 — L a 
= 
*1 unit = 1 umole of metanephrine formed in 30 minutes under WW 
the conditions described in ‘Methods.’ = 0 : . : ; ; 
| 
TaBLeE II 30 90 50 
Enzymatic O-methylation of epinephrine TIME (MINUTES) 


l-Epinephrine-p-bitartrate, 0.3 w~mole, was incubated at 37° 
with purified enzyme (0.15 mg. of protein), 50 umoles of phosphate 
buffer at pH 7.8, 0.15 umole of AMe, 10 uwmoles of magnesium 
chloride, in a final volume of 1 ml. After incubation for 30 
minutes the reaction mixture was assayed for metanephrine. 





Metanephrine formed 





pumoles 


Comnpbetn Byetet. ... on ccc ce cece cess 0.059 
PU 2 oa 8 a iy acs oa, os'onansias 0 
|” RAR ERE ER alt oa 0.004 





TaBLeE III 
Balance study 
Enzyme (0.15 mg. of protein) was incubated at 37° with 0.1 
umole of l-epinephrine-p-bitartrate, 10 wmoles of magnesium 
chloride, 50 umoles of phosphate buffer at pH 7.8, in a final vol- 
ume of 0.8 ml. After incubation for 30 minutes, the reaction 
mixture was assayed for epinephrine and metanephrine. 








AMe added | l-Epinephrine metabolized Metanephrine formed 
pmole umole pmole 
0 0 0 
0.05 0.033 0.037 
0.10 | 0.050 0.051 





Experiments with variations in the pH indicated that the 
optimal enzyme activity occurred between pH 7.5 and 8.2 with 
0.1 m phosphate buffers. 

The rate of O-methylation is shown in Fig. 1. No further 
O-methylation occurred after 2 hours of incubation at 37°. 

K,, for epinephrine was found to be 1.2 X 10~ Mm. 

Substrate Specificity—The ability of the purified enzyme to 
methylate catechols and monophenols were studied. All 
catechols examined, regardless of the substituents on the aromatic 
nucleus were O-methylated (Table IV). On the other hand, 
none of the monophenols served as substrates. The enzyme 
showed no stereospecificity with respect to d- and l-isomers of 
epinephrine. 

Requirement for Divalent Cations—Since O-methylation re- 
quired the presence of Mg**, the effect of other metals was 
examined (Table V). A number of divalent cations, such as 
Cott, Mntt, Zn++, Cd++, Fe*++, and Ni*+, could be substituted 


XUM 


Fic. 1. Rate of O-methylation of epinephrine 


TaBLe IV 
Substrate specificity 

Purified enzyme (0.15 mg. protein) was incubated at 37° for 30 
minutes with 0.1 umole of substrate and cofactors as described in 
‘““Methods.’”’ The reaction mixture was examined for the amount 
of substrate remaining. When epinephrine, norepinephrine, or 
dopamine were used as substrates, the formation of methoxy 
derivatives were measured. In the absence of AMe, negligible 
amounts of substrate were metabolized. 











Substrate Relative activity 
% 
TT ee Pe te Pee 100 
SE ET, Se eee hae 110 
RE TE ee ee 106 
Niki e BR vic sah eae cna pase dase es 110 
BONEN Ss acs cpOe se wae aC Rea ewe eng 90 
ee 105 
dl-3,4-Dihydroxyephedrine................. 100 
dl-3,4-Dihydroxyamphetamine............... 110 
dl-3,4-Dihydroxybenzoic acid................ 150 
3,4-Dihydroxyphenylacetic acid............ 120 
3,4-Dihydroxymandelic acid................. 100 
RNR «6 dy. < 19 Paad corwnd sh bas a6 Osho 160 
Sis cS. 55S ws. 0s sh sis dnasoit ies oes 0 
TOD 5.6 56.50) 04 win cpa ciinsnmes 0 
p-Hydroxyamphetamine..................... 0 
pe ee 0 
a Passive eta 0 
cs sac ars. sie iia bine een al ie Ae 0 
gee Khe tag ptlinaapaargep dace comenae lp erties 0 
OU Gace cctimteucdo sce eeces Fete 0 





for Mg**. The most effective cations were Co++ and Mn**. 
The concentration of Mg++ used was saturating since no further 
increase in activity was obtained at higher concentrations. The 
greater activities found with Co++ and Mn** reflect a greater 
maximal velocity when these metals were used. 

Effect of SH Inhibitors—In the presence of p-chloromercuri- 
benzoate (3 x 10-* m) or iodoacetic acid (2 « 10-* m) the 
O-methylation of epinephrine was inhibited about 50 per cent. 

Identification of Metanephrine—Purified enzyme (2 mg. of 
protein) was incubated at 37° with 10 umoles of l-epinephrine-p- 
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TABLE V 
Requirement for divalent metals 
Purified enzyme (0.15 mg.) was incubated at 37° with 0.3 umole 
of l-epinephrine-p-bitartrate, 10 umoles of metal salt and cofactors 
as described in ‘‘Methods.”” After incubation for 30 minutes, the 
mixture was assayed for metanephrine formed. 





Metal salt Relative activity 





% 
MgCl. 
MgSO, 
MnCl, 
CoCl, 
ZnSO, 
FeCl, 
CdCl: 
Ni(NO;)2 
CaCl, 
SnCl, 

FeCl 3 
(Al)2(SOx)s 





100 
100 
120 
150 
80 
80 
75 
40 
0 

0 

0 

0 





Taste VI 
Identity of enzymatically formed metanephrine 

















Metanephrine Rp value* 
Solvent system 
Enzymatic Synthetic 
Isopropyl] alcohol-NH; (5%), 8:2 0.73 0.73 
n-Butanol-acetic acid-H.0, 8:2:2 0.50 0.50 
20% KCI solution 0.80 0.81 
Distributiont 

n-Butanol 92 94 
Isoamy! alcohol 66 68 
Ethylene dichloride 28 29 











* Ascending technique with Whatman No. 1 filter paper was 
used. When the chromatograms were sprayed with 0.1 per cent 
dichloroquinone chlorimide in alcohol followed by 0.1 m borate 
buffer (pH 10) a blue spot appeared. 

ft Distributions were carried out with 5 volumes of organic sol- 
vent and 1 volume of 0.5 m (pH 10) borate buffer. An aliquot of 
the organic phase was extracted with 0.1 N HCl and relative con- 
centrations of the compounds were determined fluorimetrically 
(8). Results are expressed as per cent of compound extracted 
into the organic phase. 


bitartrate, 3 wmoles of AMe, 1 ml. of 0.5 m phosphate buffer 
(pH 7.8), 0.5 ml. of magnesium chloride (0.1 m), and water to 
make a final volume of 5 ml. After 1 hour of incubation, 2 ml. 
of borate buffer (0.5 m, pH 10) was added to the reaction 
mixture and the metanephrine was extracted into 100 ml. 
of isoamyl alcohol.2 The amine was returned to 20 ml. of 
0.05 n hydrochloric acid. The resulting extract was identical 
within experimental error with synthetic metanephrine with 
regard to ultraviolet fluorescence spectra (maximum of fluores- 
cence at 335 my, maximum of exciting beam at 280 my), Rr 
values and distribution coefficients (Table VI). 

Additional evidence for the identity of enzymatically formed 
metanephrine was obtained by enzymatic deamination and oxida- 
tion of the amine. After the above extract was incubated for 2 
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Tasie VII 
Tissue distribution of catechol O-methyl transferase 


Soluble fractions obtained from 100 gm. of organ tissues were 
incubated at 37° for 1 hour with l-epinephrine and cofactors, as 
described in ‘‘Methods.”’ 








Organ nie frome per gm. 

pmoles 
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LCT Re TT 0.3 
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TaB.e VIII 
Species distribution of catechol O-methyl transferase 
Soluble fraction obtained from 30 mg. of liver from various 


species were incubated at 37° for 1 hour with l-epinephrine-p- 
bitartrate and cofactors as described in ‘““Methods.”’ 








Species Metonnyietns Deed per gm. 

pmoles 
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eae Sepaerneane 2 er 0 ae 1.0 

WTS a va inn cdawacis.ccud apne SOS Ras 0.4 

ae Se Od Aas cbs Meas, cg wipe hactaoina 0.3 

EE et ae Ns ee eee eee ee 0.1 








* Liver was kept at —10° for 3 months before enzyme assay. 


hours with monoamine oxidase, aldehyde dehydrogenase and 
DPN at pH 7.4, it was acidified and extracted with 10 volumes 
of n-butanol. The butanol extract was concentrated in vacuo 
and subjected to two-dimensional chromatography (ascending 
technique) with Whatman No. 1 filter paper and with isopro- 
panol ammonia (5 per cent), 8:2, as the first solvent system and 
n-butanol-acetic acid-water, 8:2:2, as the second. After the 
chromatogram was sprayed with 0.1 per cent 2,6-dichloro- 
quinone chlorimide in alcohol followed by borate buffer (pH 10), 
a blue spot appeared having the same Rp values (0.25, 0.58) 
as an authentic sample of 3-methoxy-4-hydroxymandelic acid. 

Distribution of Enzyme in Various Organs and Animal Species— 
Representative tissues of the rat were examined for their ability 
to O-methylate /-epinephrine. All the organs studied, except 
skeletal were capable of methylating the catechol amine (Table 
VII). Livers of a number of mammalian species, including man, 
could methylate epinephrine (Table VIII). In the liver, enzyme 
activity was found only in the soluble fraction. 


DISCUSSION 


An enzyme that catalyzes the transfer of the methyl group of 
AMe to the 3-hydroxyl group of /-epinephrine and other catechols 
is described. The enzyme is in the soluble fraction of liver and 
other organs and requires the presence of a divalent metal. It 
appears to differ from the N-methylating enzymes described 
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by Cantoni (14, 15) with respect to need for divalent cations 
and lack of stimulation by gluthathione. The requirement for a 
divalent cation and the specificity toward catechols suggests 
that the metal may serve as a complexing agent to attach the 
substrate to the enzyme surface by means of the hydroxyl groups. 
Since enzyme activity is inhibited by SH binding agents the 
site of attachment may occur at an SH group. It is likely that 
the reaction proceeds by a nucleophilic attack of the hydroxy 
group of the substrate on the electrophilic methyl carbon of AMe. 

It has been shown in this laboratory that O-methylation is the 
principle pathway in vivo for the metabolism of the hormones 
epinephrine and norepinephrine in the rat (7, 8). In addition, 
dopa (16, 17), dopamine (7), xanthurenic acid (18), estradiol 
(19), and caffeic acid (20) have been found to be excreted in 
the urine as O-methoxy metabolites. These observations would 
indicate that O-methyl transferase is of paramount importance 
in the metabolism of catechol amine hormones and perhaps 
other normally occurring and foreign catechols. The presence 
of O-methy] transferase in those organs upon which epinephrine 
and norepinephrine exert their effects suggests that the enzyme 
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acts locally in the transformation of these hormones. That 
this enzyme plays a role in the metabolism of catechol amine 
hormones in man appears likely in view of the observations 
that the enzyme occurs in human liver and that normetanephrine 
(21) and 3-methoxy-4-hydroxymandelic acid (6) are present 
in human urine. Furthermore, methoxy derivatives of dopa 
(16), estradiol (19), and caffeic acid (20) have been found to be 
excreted in urine of man. Whether O-methyl transferase 
serves to inactivate catechol amine hormones or to form new 
physiologically active metabolites remains to be established. 


SUMMARY 


An enzyme (catechol O-methy] transferase) that can transfer 
the methyl group of S-adenosylmethionine to the 3-hydroxy 
group of epinephrine and other catechols is described. The 
enzyme requires divalent cations and is inhibited by sulfhydryl 
binding reagents. 

Catechol O-methyl transferase is found in various organ tis- 
sues and mammal species, including man. 
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I. AN ENZYME CONVERTING ACETYLENEDICARBOXYLIC ACID TO PYRUVATE* 
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The metabolism of naturally occurring derivatives of acetylene 
(2) is as yet unexplored and, indeed, the isolation and charac- 
terization of such compounds in a systematic manner is of only 
recent origin. These compounds consist of molecules of low 
water solubility bearing multiple functional groups, and they 
thus present difficulties when employed as substrates for in- 
vestigations directed primarily at the enzymatic utilization 
of the acetylenic bond. With a view toward obtaining in- 
formation on the utilization of this linkage it seemed desirable 
to employ simple acetylene derivatives as models and to obtain 
enzymes capable of using such model compounds. An effort 
was made to select compounds which were stable, water-soluble, 
available in high purity, and possessing a minimal number of 
functional groups. One of the simplest compounds which 
meets these criteria is acetylenedicarboxylic acid, the enzymatic 
utilization of which is the subject of the present report. 

An enzyme system metabolizing ADA! was obtained by 
employing the enrichment culture technique for isolation of an 
organism with the ability to grow with ADA as the sole carbon 
source. A purified enzyme preparation obtained from the 
organism, identified as a species of Pseudomonas (3), catalyzes 
Reaction 1: 


COOH 

| COOH 

C | 

Il +H0O—>CO + CO; (1) 
C 

| CH; 

COOH 


Preparations purified over 150-fold that are capable of con- 
verting 140 wmoles of ADA to pyruvate per minute per mg. 
of protein show no cofactor requirement nor has evidence 
been obtained that more than one enzyme participates in the 
reaction. 


ENZYME ISOLATION 


Growth—The organism was allowed to grow on a medium of 
inorganic salts (4) which was supplemented with 2 gm. of ADA 


* A preliminary report concerning some of this work has been 
presented (1). 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. 

1The abbreviations used are: ADA, acetylenedicarboxylic 
acid; EDTA, the potassium salt of ethylenediaminetetraacetic 
acid; DEAE, N,N-diethylaminoethylcellulose; Tris, tris(hy- 
droxymethyl)aminomethane. 


per liter of medium. ADA was dissolved in water, neutralized, 
sterilized by filtration through a Millipore filter, and added 
to the previously autoclaved salts medium. ADA was the 
only carbon source; the inclusion of 0.04 per cent of yeast ex- 
tract reduced the yield of enzyme by 90 per cent. 

Agar slants of the medium were inoculated from a stock culture 
and, after 18 hours of incubation, were used for the inoculation 
of a 6 liter flask containing 1 liter of ADA medium. The 
contents of the flask were incubated for 18 hours on a reciprocat- 
ing shaker and, in turn, served as inoculum for three 5 gallon 
carboys. Each carboy contained 12 liters of ADA medium 
and was equipped for aeration with compressed air. After 16 
hours of growth the cells were harvested by centrifugation in a 
Sharples centrifuge in a 2° constant temperature room and 
washed twice with saline. Except for centrifugation all steps 
were conducted under sterile conditions at approximately 23°. 
The yield from three such carboys was approximately 20 gm. 
(wet weight). 

Assay—Enzymatic activity was followed by one of three 
methods. Unless otherwise noted, however, the assay used 
depended upon the colorimetric determination of the 2,4- 
dinitrophenylhydrazone of pyruvic acid. Standard conditions 
were designated as those in which the enzyme is incubated for 
10 minutes at approximately 23° in a solution containing, in a 
total volume of 1.0 ml., 50 umoles of potassium phosphate or 
Tris buffer at pH 7.3 and 10 uwmoles of ADA. The reaction 
was initiated by the addition of ADA to the other components 
of the incubation mixture and was terminated by the addition 
of 1.0 ml. of 10 per cent perchloric acid. Aliquots of 0.1 ml. 
of this mixture were diluted to 0.5 ml., and 0.5 ml. of the 2,4- 
dinitrophenylhydrazone reagent of Friedemann and Haugen (5) 
were added. After 5 minutes at room temperature, 4 ml. of 
2.5 Nn KOH were added and the optical density was determined 
with a Klett-Summerson colorimeter (No. 54 filter). Known 
quantities of pyruvic acid were used as a standard. Under 
these conditions ADA is inert in the absence of enzyme. Within 
the range employed (Fig. 1) the formation of pyruvate was a 
linear function of time and was proportional to enzyme con- 
centration. 

A unit of enzyme activity was defined as that amount of 
enzyme required for the formation of 1 umole of pyruvate in 
the standard assay system. Specific activity was expressed 
in units per mg. of protein. 

Pyruvate could also be determined with lactic dehydrogenase, 
in which case the standard incubation mixture was supplemented 
with 0.1 umole of DPNH and an excess of crystalline lactic 
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dehydrogenase. The incubation was conducted in a spectro- 
photometer and the optical density change at 340 my was 
followed. 

On several occasions enzyme activity was assessed with a 
Cary recording spectrophotometer by observation of the de- 
crease in optical density at 220 my, where the value of ¢ for 
ADA is 1300 at pH 7.3 in 0.05 m potassium phosphate buffer. 
At this wave length the conversion of 1 umole of ADA to pyruvate 
in a cuvette of 1 cm. light path represents an optical density 
change of 0.250 in an incubation mixture containing initially 
the enzyme, 50 umoles of potassium phosphate buffer at pH 
7.3 and 1.0 umole of ADA. 

Purification—Unless otherwise noted all fractionation pro- 
cedures were conducted with mechanical stirring at ice bath 
temperatures. Centrifugations were at approximately 1° 
and 15,000 X g for 15 minutes; gel suspensions were clarified 
at 8,000 X g for 5 minutes. All buffers used for suspension 
and solution of precipitates contained 5 mm mercaptoethanol. 

A suspension was made of 11 gm. (wet weight) of Pseudomonas 
cells in 55 ml. of 0.1 m potassium phosphate at pH 7.0 and sub- 
jected to sonic oscillation for 10 minutes in a Raytheon 10 ke. 
instrument. After centrifugation of the resulting suspension, 
57 ml. of a clear supernatant fluid were obtained (Fraction 1). 
To the extract were added 740 mg. of ammonium sulfate (0.1 
M salt) and 11.3 ml. of a 1 per cent solution of protamine sulfate, 
and the precipitate obtained after centrifugation was discarded. 

The supernatant solution (Fraction 2) was subjected to am- 
monium sulfate fractionation; the material precipitating be- 
tween 48 and 75 per cent of saturation contained most of 
the activity and was low in oxaloacetic decarboxylase. To 
68 ml. of Fraction 2 were added 22.9 gm. of ammonium sulfate, 
and after 10 minutes of stirring the suspension was centrifuged. 
The supernatant fluid was treated with 13.2 gm. of ammonium 
sulfate, stirred for 10 minutes, and the resulting precipitate 
dissolved in 16 ml. of 0.05 m potassium phosphate at pH 7.0 
(Fraction 3). Fraction 3 was heated in a water bath at 55° 
for 10 minutes with stirring. The suspension was rapidly cooled 
in an ice bath and the precipitate was removed by centrifuga- 
tion. The supernatant solution represents Fraction 4. 

Fraction 4 (16 ml.) was treated with 3.2 ml. of acetone which 
had been precooled to —25°. The addition was made in an 
ice bath during a period of 5 minutes. Further addition of 
4.8 ml. of acetone brought the concentration to 33 per cent 
(volume for volume) and was carried out in a —3° ethanol-dry 
ice bath within 5 minutes. The precipitate was removed and 
the supernatant solution was cooled to —10° and brought to a 
concentration of 55 per cent (volume for volume) by the addition 
of 12 ml. of acetone during a 5 minute period. The precipitate 
was collected by centrifugation and suspended in 0.05 m Tris 
buffer, pH 7.1, with a glass homogenizer. 1 ml. of calcium 
phosphate gel (6) containing 15 mg. of dry weight per ml. 
was added to the homogenate. The clear supernatant fluid 
obtained after centrifugation represents Fraction 5. 

A suspension of calcium phosphate gel equivalent to 225 mg. 
(dry weight) was centrifuged and the supernatant fluid was 
discarded. The gel was suspended in Fraction 5 and allowed 
to stand for 5 minutes at room temperature. The gel was 
removed by centrifugation, the supernatant fluid added to a 
fresh batch of gel, and the procedure was repeated. Three 
such gel treatments were made after which the supernatant 
fluid was discarded. Each gel preparation was eluted separately 
by suspension in 7 ml. of 0.05 m potassium phosphate buffer, 
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Fic. 1. Enzyme activity as a function of time (Curve A) and of 
protein concentration (Curve B). 




















TaBLe I 
Purification of ADA system 

: Total Total i 
Fraction Procedure Volume activity h. J = 
mil. units mg = 

1 Extract 57 14,250 | 1,200 12 
2 Protamine treatment 68 17,600 | 1,030 17 
3 Salt, 48-75 per cent 16.5 | 8,650 106 82 
4 Heat treatment 16 8,310 68 123 

5 Acetone, 33-55 per cent 9.6 | 8,250 45.5) 181 
6A | Gel eluate I 21 4,880 15.2| 322 
6B | Gel eluate II 14 1,050 5.1) 207 
7A | Salt, 60-72 per cent, I 1.5 | 3,720 6.5) 572 
7B | Salt, 60-72 per cent, II 1.0 880 1.9) 463 








pH 6.7, and followed by centrifugation. The combined eluates 
form Fraction 6A. Each gel preparation was eluted a second 
time with 5 ml. of the same buffer and these eluates were com- 
bined to constitute Fraction 6B. 

Fractions 6A and 6B were separately treated with ammonium 
sulfate so that the material salting out between 60 and 72 per 
cent constitute Fractions 7A and 7B, respectively. To Frac- 
tions 6A and 6B (21 and 14 ml.) were added 7.8 and 5.9 gm. 
of ammonium sulfate, respectively, and the precipitate thus 
formed was discarded. To the supernatant fluids were added 
1.73 gm. and 1.15 gm. of the salt, and the precipitates thus 
formed were dissolved in 6.5 ml. (Fraction 7A) and 1.9 ml. 
(Fraction 7B), respectively. 

A summary of the fractionation is presented in Table I. This 
procedure results in a purification of from 30- to 50-fold with 
the recovery of greater than 30 per cent of the activity. Further 
purification of such preparations by gradient elution chromatog- 
raphy with the use of DEAE as the solid phase (7) is possible 
and is detailed below. 

Chromatography—A 9 X 1 cm. column was prepared with 
DEAE resin which had been previously washed five times 
with a total of 1000 volumes of water and five times with a 
total of 500 volumes of 0.03 m Tris buffer, pH 7.2. 500 ml. 
of the same buffer were allowed to run through the bed of DEAE 
after which 5.2 mg. of protein containing 1200 units of enzyme 
in 10 ml. of water were added. After the protein had been 
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Fig. 2. Pattern of elution at the rate of 3 ml./minute of enzyme 
and protein (@) from a 9} X 1 cm. DEAE column. Recovery: 
enzyme = 70 per cent; protein = 60 per cent at 100 ml. of eluant. 


TaB_e II 
Stoichiometry of reaction 

Known quantities of ADA were added to Warburg manometer 
vessels containing 50 uwmoles of potassium phosphate at pH 6.8 
and 4.4 units of enzyme in a volume of 1.44 ml. The reaction was 
terminated by the addition of 0.06 ml. of 4 N H2SO, from the arm, 
and the total CO. formed was determined manometrically. Ali- 
quots of the same reaction mixture were used for pyruvate deter- 
minations. 
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Experiment No. ADA COz Pyruvate 
pmoles pmoles pmoles 
1 6.0 6.1 6.1 
2 3.0 2.6 3.0 
3 6.0 6.3 6.2 

















adsorbed the column was washed with 18 ml. of the Tris buffer 
and connected with a mixing flask containing 250 ml. of 0.03 
M Tris, pH 7.2. The mixing flask, in turn, was connected for 
gradient elution to a flask containing 250 ml. of the same buffer 
which was 0.5 m with respect to NaCl. Mercaptoethanol was 
absent in this system. The mixing flask was equipped for 
magnetic stirring and the apparatus was kept in a 2° constant 
temperature room. Fractions were collected at 8 minute in- 
tervals so that samples of approximately 2.5 ml. of eluate were 
obtained. 

Every third tube was assayed for protein? and for activity 
although each of the fractions in the range where enzyme was 
eluted was examined. The results are plotted in Fig. 2. 

All of the activity was present in one peak representing a 
recovery of 60 per cent. The specific activity of the individual 
fractions varied between 600 and 1400. Recombination of 
fractions from both ends of the peak did not yield more activity 
than the sum of each when assayed individually. Thus, puri- 
fication of some of these fractions to the extent of 150-fold 
presented no evidence for the participation of more than one 
enzyme. 

These preparations were not stable upon storage. Attempts 
to salt out the activity with ammonium sulfate resulted in a 
50 per cent loss. The best preparations had a turnover num- 
ber of 1.4 X 10° moles of ADA per 100,000 gm. of protein per 
minute. 


2A correction was applied to the protein value obtained to 
compensate for the color value of Tris in the protein assay. 
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Fig. 3. Utilization of ADA as shown by the tracing of a record 
obtained in a Cary spectrophotometer with the use of the lactic 
dehydrogenase method of assay. The numbers directly above the 
curves refer to the mumoles of ADA added. 


PROPERTIES OF SYSTEM 


Specificity and Stoichiometry—As formulated in Reaction 1, 
1 mole of pyruvate and 1 of CO: are formed per mole of ADA 
utilized (Table II). The rate of the reaction was not influenced 
by anaerobic conditions in a helium atmosphere. The utiliza- 
tion of ADA continued until essentially stoichiometric quantities 
of pyruvate were formed (Fig. 3) and appeared to be specific 
for the utilization of ADA; the following compounds which 
bear a structural relationship to ADA were found to be inactive 
both as substrates and as inhibitors: acetylenemonocarboxylic 
acid (propiolic acid), fumaric acid,* succinic acid, D-, meso, 
and t-tartaric acids, dihydroxyfumaric acid, and fumaryl- 
glycidic acid. 

During the course of the conversion of ADA to pyruvate no 
spectral changes were seen which would indicate the formation 
of an intermediate. 

The 2,4-dinitrophenylhydrazone of pyruvate was isolated 
after incubation of the enzyme with 200 umoles of ADA. 30 
mg. of the hydrazone so obtained were twice recrystallized 
from an alcohol water mixture; melting point, 215°, melting 
point of a mixture with known hydrazone, 215° (uncorrected). 

Oxaloacetate and hydroxyfumarate did not serve as substrates 
(1). Although oxaloacetate was rapidly utilized by crude 
enzyme preparations, the purified system did not catalyze 
the formation of pyruvate from oxaloacetate. The formation 
of pyruvate by spontaneous decarboxylation, when 0.1 to 5 
mM oxaloacetate was used, corresponded to less than 10 per 
cent of the rate of ADA utilization. That oxaloacetate did 
not accumulate in the latter system was shown by supplement- 
ing the standard incubation mixture with malic dehydrogenase 
and DPNH; DPNH was not oxidized under these conditions, 


* At a concentration of 10 mm fumarate inhibited 12 per cent 
when added to the standard assay system. 
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indicating the absence of free oxaloacetate (1). That oxalo- 
acetate did not inhibit pyruvate formation was shown by 
the use of the lactic dehydrogenase assay, when less than 10 
per cent inhibition was obtained at oxaloacetate-ADA ratios 
of 1:2. 

Although hydroxyfumarate would be expected to equilibrate 
rapidly with oxaloacetate in aqueous solution, an experiment 
was performed in which the solid hydroxyfumarate was added 
to a cuvette containing the standard incubation mixture without 
ADA but supplemented with lactic dehydrogenase and DPNH. 
Conditions were arranged so that DPNH oxidation could be 
followed with a Cary recording spectrophotometer after a 
maximum of 10 seconds had elapsed from the time of addition. 
The rates of DPNH oxidation obtained were identical to those 
found for oxaloacetate and constituted less than 10 per cent 
of the rate with ADA. The rate curves obtained with hy- 
droxyfumarate were not displaced with respect to the origin; 
such a displacement would have occurred if a rapid reaction 
had been obtained during the first 10 seconds after addition 
when optical density changes were not recorded. 

Kinetics—The K,, for ADA was calculated to be 7 X 10-5 m 
(Fig. 4). A plot of the initial rate of the reaction at various 
temperatures shows a linear relationship in the range of 20-38° 
(Fig. 5). By the use of the Arrhenius equation the energy 
of activation of ADA by this system was found to be 13 kilo- 
calories per mole. 

An attempt was made to ascertain whether hydration is a 
limiting step in the reaction by comparing the rate of pyruvate 
formation in H.O with that in D.O (a final concentration of 97 
per cent DO). Although the reaction was inhibited 30 per 
cent in D,O, it must be considered that such inhibition may 
be due to deuteration of the protein itself with a consequent 
decrease in catalytic efficiency. 

Reversibility—Reaction 1 appears to be experimentally ir- 
reversible. Pyruvate, ADA or oxaloacetate, each at a con- 
centration of 10 mm, was incubated for 10 minutes with ap- 
proximately 2 umoles of radioactive CO2 (1.02 * 10’ c.p.m.) 
in the standard incubation mixture with an enzyme preparation 
capable of forming 7 wmoles of pyruvate during this period. 
Aliquots were assayed for the incorporation of radioactivity 
into acid-stable linkages with negative results; the small amount 
of incorporation obtained was in the range of experimental 
error and was duplicated with boiled enzyme controls. 

Stability and pH Optimum—Purified preparations were rela- 
tively unstable when stored at —20°. The instability was 
associated with freezing and thawing of the protein solutions 
since preparations stored continuously for 10 days at —20° in 
solutions containing 10 mg. of the protein per ml. and 5 wmoles 
of mercaptoethanol per ml. lost less than 10 per cent of their 
activity. Stability to storage at 3° as a function of pH is 
shown in Fig. 6. It will be noted that the presence of a mer- 
captan during this storage period was without effect. 

Optimum enzyme activity was obtained in the range of pH 
7.3 to 7.8; phosphate and Tris buffers gave similar results 
(Fig. 6). 

Inhibitors and Metals—Significant inhibition of ADA utiliza- 
tion could be obtained with cyanide, p-chloromercuribenzoate 
and EDTA (Table III) and with several metals (Table IV). 
This system is extremely sensitive to cyanide but not to other 
carbonyl reagents or to other metal-complexing agents. The 
addition of sodium cyanide to ADA in the absence of enzyme 
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Fig. 4. Plot of data obtained from the initial rates of ADA 
utilization with the lactic dehydrogenase assay and used for the 
determination of Kn. 

















| 
-03 + 
i" ‘ 
mo 
8 
-05 + 
-O7 + 
| j | l | 
32 33 34 
_ x10% 
‘: 


Fic. 5. Arrhenius plot of the rate constants as a function of 
temperature. Heat of activation was calculated as —13 kilo- 
calories. 


gave rise to a large increase in absorption at 220 my of the solu- 
tion. The possibility of the ADA-cyanide complex acting as 
an inhibitor of the reaction must, therefore, be considered. 
EDTA was inhibitory at relatively high concentrations and 
this effect could be partially overcome by similarly large quanti- 
ties of molybdate. Dialysis against cyanide (8), followed by 
dialysis against Tris buffer, caused a 20 per cent loss of activity 
which could not be overcome by sodium molybdate or various 
silicate-molybdate complexes (9). In the case of several of 
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a preparation of specific activity = 230 in the presence of 0.1 m 
potassium phosphate (@) or 0.1 m Tris (©). For stability deter- 
minations the enzyme (specific activity = 240) was incubated at 
approximately 3° for 17 hours and brought to pH 7.3 and assayed. 
The 3° incubation was in 0.05 m potassium phosphate buffer with 
(O) or without (@) 0.05 m mercaptoethanol. 








TaBLeE III 
Effect of inhibitors (standard assay conditions with phosphate buffer) 
Inhibitor | Concentration | Inhibition 

mM % 
Ne eee ere ee Aer 0.003* 50 
I ns cece-meridavesiencllanens 1.0 22 
ico ade a crane alate aaa nie dias 1.0 12 
p-Chloromercuribenzoate............... 0.08* 50 
N-Ethylmaleimide...................... 1.0 14 
NaAsO:z Ent © aw ob0 0 0b 64 6 bi6 Wb o0 06 0.6.00 b.608 1.0 0 
hah id Sac es 0:d.6:9-4 9:35-4:05’ bo 23 35 
OE EOC TTT 1.0 11 
8-Hydroxyquinoline..................... 0.5 3 
soci ctnecesace cues 5 + 100 13 











* The point of 50 per cent inhibition was interpolated from a 
curve of inhibition plotted against inhibitor concentration. 


the metal ions it would seem that the presence of both metal 
and EDTA yields an additive effect in inhibiting the reaction. 
Mercaptoethanol appears to exert a synergistic inhibitory effect 
with cobaltous and barium ions but reverses the inhibition 
caused by mercuric and zinc salts. Of the metals examined 
zinc is the most potent inhibitor; 50 per cent inhibition is ob- 
tained at a concentration of 3 X 10-5 m. 

Distribution—A variety of cell types were examined for the 
ability to utilize ADA. Homogenates (20 per cent wet weight 
per volume of 0.1 m phosphate buffer, pH 7.0) of liver, skeletal 
muscle, intestine, kidney and brain from an adult female rat 
and a specimen of glioblastoma multiforme were assayed with 
the standard incubation mixture. Sonic extracts of dried cell 
preparations of Clostridium cylindrosporum (10), Clostridium 
kluyverit, Escherichia coli and of various species of Pseudomonas 
fluorescens (4, 11, 12) were also investigated. Crude prepara- 
tions of spinach leaf were obtained by a technique described 
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TaBie IV 


Effect of metal ions (standard incubation 
conditions employing Tris buffer) 














% Inhibition 
“ee Addition Concentra- Additions 
Mercapto- 
None | itm) op 
millimolar 

1 None 0 41 8 
ZnSO, 1.0 92 43 28 
ZnSO, 0.1 82 5 
ZnSO, 0.05 76 11 
ZnSO, 0.02 35 14* 
ZnSO, 0.01 13 9 
Fe(NOs); 2.0 95 94 
Fe(NOs)s 0.1 55 35 
Fe(NOs): 0.05 22 30 
Al(NOs)s 2.0 87 87 
Al(NOs)s 0.1 60 42 
Al(NO;)s 0.05 33 33 
HgCl, 0.1 86 76 14 

2 None 0 33 14 
BaCl, 2.0 33 60 
CoCl, 2.0 30 76 
MgCl, 2.0 10 47 0 
NiCl, 2.0 46 56 
NiCl, 1.0 34 74 
SrNO; 2.0 0 73 
CaCl, 2.0 2 50 

3 None 0 77t 8 
Na:MoQ, 4.0 2 54t 8 
Na:MoO, 0.1 2 77t 

4 None 0 67T 
Na:MoO, 10.0 8 23t 




















*1 mM mercaptoethanol. 
¢ 8.4 mu EDTA. 


previously (13). Controls were included to which sodium 
arsenite (2 mm) had been added in an attempt to inhibit the 
further oxidation of pyruvate. In no case was an a-keto acid 
formed after incubation for 1 hour with ADA. 


DISCUSSION 


The system described here catalyzes the experimentally 
irreversible formation of CO, and pyruvate from ADA and 
water. No cofactor requirements were demonstrable. Whether 
one or several enzymes are involved in the conversion cannot 
be ascertained, although certain observations which favor 
the former possibility seem pertinent. Thus, the best prepara- 
tions obtained have been purified 150-iold and display a very 
high turnover number, t.e. 1.4 X 10° moles of ADA per 100,000 
gm. of protein per minute. At no stage in the purification 
which includes elution from DEAE has the effect of combining 
fractions or the additions of crude enzyme preparations been 
other than additive. Furthermore, positive evidence for the 
accumulation of intermediates has not been obtained. 

From the point of view of possible intermediates, oxaloacetate 





XUM 


Sept 


is an 
by | 
pyru 
has 

grow 


men 
tion 
sent 
in t 
(a) ¢ 
qual 
negs 
thes 
not 

carb 
zine 


acet 
not : 


of g 
here 
mig 


~I 
. 
—" 


im 
the 
cid 





September 1958 


is an excellent candidate since such a compound might be formed 
by hydration of ADA with subsequent decarboxylation to 
pyruvate (Reaction 2). In a brief note (14) Eimhjellen who 
has independently isolated a bacterium with the ability to 
grow with ADA as the sole carbon source, 





COOH COOH COOH] 
| | | COOH 
C—OH =0 
il — | || = | —-CO + CO: (2) 
Cc C—H CH: | 
| | | CH; 
COOH | COOH COOH |} 





mentions the finding of oxaloacetate and pyruvate after incuba- 
tion of ADA with crude bacterial extracts; details are not pre- 
sented. The evidence that oxaloacetate is not a free intermediate 
in the present system involves the following considerations: 
(a) Oxaloacetate does not accumulate, and the addition of large 
quantities of malic dehydrogenase to trap oxaloacetate yielded 
negative results. (b) Oxaloacetic decarboxylase is absent from 
these preparations after purification. (c) Oxaloacetate does 
not inhibit the reaction. (d) With the exception of cyanide, 
carbony]l-binding reagents, such as hydroxylamine and hydra- 
zine, do not appreciably alter the rate of pyruvate formation. 

Some other possible intermediates in the reaction, particularly 
acetylenemonocarboxylic acid and hydroxyfumaric acid, do 
not appear to participate in such a role in the free state. 

The present work describes one method of biological utilization 
of an acetylenic compound. Although the system outlined 
here involves extreme specificity for ADA, a compound which 
might not be expected as a natural product, other acetylene 
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derivatives which do exist in nature may play the role of sub- 
strate in the organism’s normal ecological background. 


MATERIALS AND METHODS 


ADA, available from Distillation Products Industries, was 
used directly or after recrystallization from water. Fumaryl- 
glycidic acid was a gift from Dr. A. Weissbach. Dried cell 
preparations of C. cylindrosporum were prepared by Dr. J. 
Rabinowitz and Mr. W. E. Pricer, Jr., and C. kluyverii was 
donated by Dr. E. T. Stadtman. The specimen of histologically 
verified glioblastoma multiforme was obtained at operation 
by Dr. R. K. Jakoby. Lactic dehydrogenase and malic de- 
hydrogenase were commercial products (Worthington Bio- 
chemical Corporation). 

Protein was determined by the method of Lowry et al. (15). 
Anaerobic conditions were obtained by alternate evacuation 
and flushing with helium of the incubation mixture in a Thun- 
berg tube; helium was allowed to bubble through Oxsorbet 
(Burrell Corporation) in order to remove oxygen. 


SUMMARY 


An enzyme system has been obtained from a pseudomonad 
which catalyzes the formation of pyruvic acid from acetylenedi- 
carboxylic acid. The best preparations obtained have been 
purified approximately 150-fold and are capable of catalyzing 
the formation of 140 wmoles of pyruvate per minute per mg. 
of protein. No evidence has been obtained for the participa- 
tion of more than one enzyme and no cofactor requirements 
were established. Oxaloacetic acid, hydroxyfumaric acid, and 
acetylenemonocarboxylic acid are not free intermediates in 
the reaction. 
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In the course of synthesizing a number of aryl phosphate 
esters as substrates for prostatic acid phosphatase, polymeric 
phosphorylated products obtained by reaction of 4,4’-di- 
hydroxybipheny] with phosphorus oxychloride were found to be 
potent enzyme inhibitors. This report describes the prepara- 
tion of these anionic polymers and some characteristics of their 
inhibition of prostatic acid phosphatase which seem to resemble 
the inhibition of hyaluronidase and alkaline phosphatase by a 
number of polyarylphosphate compounds (1, 2). 


MATERIALS AND METHODS 


Preparation and Properties of Polyarylphosphates 


Polyzxenylphosphate—To 20 gm. (0.11 mole) of 4,4’-dihy- 
droxybipheny] (recrystallized three times from hot glacial acetic 
acid) in 70 ml. of dry pyridine were added, at 0° with continuous 
stirring, 50 ml. (0.55 mole) of freshly distilled phosphorus 
oxychloride in 500 ml. of dry toluene. The first one-third of 
the phosphorus oxychloride solution was added dropwise over 
a period of an hour, and a sticky yellow mass was deposited. 
The remaining solution was added over an additional period 
of an hour. After standing undisturbed at room temperature 
for 12 hours, the sticky material had solidified to a white res- 
inous mass consisting of various polyxenylphosphory1 chlorides. 
By means of hydrolysis and fractionation as described below, 
polyxenylphosphates of somewhat different properties could be 
obtained. 

The resinous mass was collected by suction, washed well with 
dry toluene and saved for later usage. The filtrate and washings 
were concentrated in vacuo and the syrupy residue was dis- 
solved in 500 ml. of cold 10 per cent sodium bicarbonate solution. 
The filtered solution was cautiously acidified with concentrated 
hydrochloric acid to precipitate Fraction A. It was collected by 
suction, washed with 0.1 N hydrochloric acid, and dried in 
vacuo over sodium hydroxide pellets. 

The toluene-washed resin obtained earlier was crushed up 
and stirred with 1 liter of ice water to which were made small 
additions of solid NaHCO; until gas evolution ceased. The 
insoluble residue was collected by suction filtration, and the 
filtrate was acidified with hydrochloric acid to precipitate 
Fraction B which was washed and dried in the same manner as 
was Fraction A. 

Both polymer fractions were dissolved in about 200 ml. of 


* Supported in part by grants from the Iowa Division of the 
American Cancer Society, and Grant No. C-3256 of the National 
Institutes of Health, United States Public Health Service. 


water, adjusted to pH 7 with 0.1 n NaOH, placed in separate 
cellulose sausage casings, and dialyzed against 10 liters of water 
daily for 3 days. The dialyzed polymer solutions were filtered 
through diatomaceous earth. 

To convert the resultant polymer preparations to the acid 
form or to the sodium salt form, they were passed through 
Amberlite IR-120 resin in the H+ or Na+ forms, respectively. 
The eluates and washings were concentrated in vacuo to small 
volumes. The acid polymer preparations precipitated as fine 
white powders which were filtered and dried in vacuo over POs; 
in the sodium form, the polymer solutions were freeze-dried to 
yield slightly hygroscopic white solids. The yields of Fractions 
A and B in the acid form were 1.8 and 10.5 gm., respectively. 

Total phosphorus content of the polymers was determined 
colorimetrically (3) after Parr bomb combustion of the samples 
and hydrolysis of resultant pyrophosphates to orthophosphate 
by boiling with dilute acid. Titration curves of 15 mg. portions 
of the acid polymer preparations were recorded automatically 
during addition of 0.1 nN NaOH from a syringe microburette 
driven at constant speed by the drum shaft of a Varian model 
G-10 recording millivoltmeter which traced the pH as measured 
by a Beckman model H-2 pH meter. A 10,000 ohm potentiom- 
eter between the recorder and pH meter permitted the pen 
response to be proportioned to any desired pH range. Equiva- 
lent weights were calculated from base required to titrate both 
primary (pK; = 1.9) and secondary (pK, = 6.8) groups. The 
latter were assumed to represent only terminal phosphoric 
acid groups. 

To estimate the terminal phenol content, the difference 
between the absorbancy at 288 my of the polymer preparation 
at pH 12 and at pH 7 was measured. The molar extinction 
coefficient of the phenolate was assumed to be 2.07 X 10 at 
288 my as was found with 4-hydroxybiphenyl. 

4,4'-Xenyldiphosphoric Acid—To 25 gm. of POCI; in 250 
ml. of dry toluene at 3° were slowly added 10 gm. of 4,4’-di- 
hydroxybiphenyl in 35 ml. of redistilled 2,6-lutidine with 
vigorous stirring. After the preparation had been standing at 
room temperature overnight, lutidine hydrochloride was re- 
moved by filtration, and the filtrate was concentrated in vacuo 
to a syrup which soon crystallized. Ice water (100 ml.) and 
solid sodium bicarbonate were added in portions until CO, 
evolution ceased. The solution was filtered and to the cold 
filtrate was slowly added an excess of concentrated hydrochloric 
acid. A fine, amorphous precipitate was collected after standing 
in the cold overnight, was washed with cold 0.1 n HCl, and 
dried over NaOH pellets in vacuo; yield, 8 gm. 


712 


Sept 


adju 
2.5) 
colu 
form 
hyd 
the | 
centi 
was 
acid 
calev 

Pe 
was 
prep 
yield 
and 


tissu 
obta 
from 
were 
mixt 
scrib 
30 n 
tions 
by 1 
actin 
meas 
acid 


poly: 
For 


repe: 


met} 
by t 
and 

met! 
proc 


were 


Ty 
disp 
rand 
foun 
the | 
ertie 
liste 
equi 
Frac 
mole 
sults 
Curt 
peri 
116 


prep 
a4 





Yiim 


ite 
ter 


cid 
igh 
ly. 
all 
ine 
Os; 
ons 
ed 
les 
ate 
ons 
lly 
tte 
del 
red 
m- 
en 
va- 
oth 
‘he 
ric 


ion 
ion 





September 1958 


The crude acid (4 gm.) dissolved in 100 ml. of water was 
adjusted to pH 5.0 with n NaOH and run slowly through a 
2.5 X 23 cm. column of Amberlite IR-45 (formate) resin. The 
column was successively washed with 1 liter of 1 mM ammonium 
formate (pH 6.3), 1 liter of water, and 1 liter of 0.1 m ammonium 
hydroxide. The 4,4’-xenyldiphosphoric acid was eluted as 
the pH of the eluate rose from 7 to 9. The eluate was con- 
centrated in vacuo to 50 ml. and an excess of concentrated HCl 
was added. Glistening platelets of 4,4’-xenyldiphosphoric 
acid were dried over NaOH; yield, 3 gm. For CiHiOgP2: 
calculated, P 17.89; found, P 17.6. 

Polyhydroquinone Phosphate—Polyhydroquinone phosphate 
was prepared by the method of Ferné et al. (2). Attempts to 
prepare this polymer by the same method as used for PXP! 
yielded gummy products which spontaneously depolymerized 
and darkened in solution. 

Prostatic phosphatase was prepared from human prostatic 
tissue by the method of Davison et al. (4). The preparation 
obtained released 42 mg. of P per mg. of protein N per hour 
from 0.01 m 8-glycerophosphate at pH 5.0 at 37°. All solutions 
were freshly prepared in veronal-acetate-sodium chloride buffer 
mixtures of 0.173 ionic strength and of the desired pH, as de- 
scribed by Michaelis (5). The orthophosphate liberated during 
30 minutes of incubation of enzyme, substrate, and other addi- 
tions in the amounts indicated for each experiment was measured 
by the method of Fiske and SubbaRow (3). Phosphatase 
activity was also determined by direct spectrophotometric 
measurement of the hydrolysis of O-carboxyphenylphosphoric 
acid according to Hofstee (6). 

For the polyarylphosphates, the normalities of each of the 
polymer solutions were calculated from the phosphorus content. 
For the polysulfonates and polyalkylsulfates, the weight of the 
repeating unit of the infinite polymer was used. 

The esterase activity of chymotrypsin was measured by the 
method of Schwert and Takenaka (7). Pepsin was measured 
by the method of Anson (8), catalase by the method of Beers 
and Sizer (9), glyceraldehyde phosphate dehydrogenase by the 
method of Cori et al. (10), deoxyribonuclease by the Kunitz 
procedure (11), and ribonuclease by the method of Anfinsen et 
al. (12). Commercial crystalline preparations of these enzymes 


were used. 


RESULTS 


Typical PXP preparations behave as highly charged, poly- 
disperse, small molecular weight colloids of branched and 
random coil structure. Variations from batch to batch were 
found, particularly with respect to the equivalent weights and 
the percentages of terminal phenol or phosphate groups. Prop- 
erties of Lot 116, which was used throughout this study, are 
listed in Table I. Fraction A was found to have a smaller 
equivalent weight and higher proportion of terminal groups than 
Fraction B. Although dialysis was used to remove smaller 
molecular species, osmotic pressure measurements of the re- 
sultant preparation, as tested in the apparatus of Bull and 
Currie (13) with a Visking cellulose membrane, decreased over a 
period of several days showing that much of the PXP Lot 
116B material dialyzed slowly. 

Ultracentrifuge patterns of a 0.5 per cent solution of this 
preparation in acetate buffer at pH 5.85 and ionic strength of 


1 The abbreviation used is: PXP, polyxenylphosphate. 
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TaBLeE I 
Analysis of typical PXP preparations 
Lot 
Analysis Theory* 
116A 116B 
PG TG 686 no cab clones fae hens 13.1] 12.8 12.5 
Terminal phenol groups, %............ 15.5 | 12.3 
Terminal phosphate, % of total phos- 
SES AR See Ree: OE 39.8 | 22.6 
Equivalent weight. ................... 200 309 248 














* These values were calculated for an infinite unbranched poly- 
mer. 


Taste II 
Stability of PXP to acid and alkali 
Inhibition was measured by 30 minutes of incubation of 1 ml. of 
enzyme solution (0.002 per cent protein) with 5 ml. of substrate 
solution. Final concentration was 0.012 m 8-glycerophosphate, 
10-* n PXP (repeating unit), all at pH 5.0. 











% of inhibition of acid phosphatase 
Pretreatment of PXP 
Lot 116A Lot 116B 
None 97 99 
1 n HCl 
La eee Aer! 97 99 
ac b.x sf abn kean een eens 95 99 
RE bo ore Lia cole 84 97 
1 n NaOH 
ATE FR TO pe 77 98 
A TREES tee 73 97 
DON eas iaaessnnakeacenws 54 95 














0.3 showed a single broad peak corresponding to a sedimentation 
constant of about 1.1 8. From the partial specific volume of 
0.62 and a diffusion constant of 1.2 K 10-® cm.? sec.-! an ap- 
proximate average molecular weight of about 6000 was esti- 
mated. Similar values were found for B fractions of other PXP 
preparations. 

The stability of PXP to heating with acid and alkali is shown 
in Table II. As judged by the inhibitory potency of such 
preparations, both fractions were relatively stable to acid; but 
toward alkali, Lot 116A was less stable than Lot 116B. The 
greater effect of alkali upon Lot 116A may be due to more 
rapid hydrolysis to small noninhibitory fragments, since Frac- 
tion A contained a higher proportion of alkali-labile triester 
groupings (14) and was made up of particles that were already 
smaller than those of Fraction B. 

The inhibitory effect of PXP toward a number of purified 
enzymes is shown in Table III. They were tested at 38° and 
on the acid side of the pH optimum in each case so as to favor 
protein polymer interaction. Prostatic phosphatase seemed to 
be unusually sensitive to polymer inhibition. Catalase and 
pepsin were virtually unaffected. 

A comparison of the inhibitory potency of various polymers 
toward prostatic phosphatase is shown in Table IV. Poly- 
hydroquinone phosphate, PXP, and sulfonated polystyrene 
were inhibitory even at concentrations of the repeating unit of 
10-* n, but other polymers with density of similar charge pro- 
duced much weaker effects. Polymetaphosphate, with a mean 
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Tas_e III 
Comparison of inhibition of various enzymes by PXP (Lot 116B) 
pH % of phpiticn by 
Enzymes 
Optimum Test 10-* n 107° n 
Phosphatase, prostatic.......| 5.3 5.0 99 99 
Ribonuclease................ 7.4 5.0 35 6 
Deoxyribonuclease........... 6-7 5.0 25 
Glyceraldehyde phosphate 
dehydrogenase............. 8.5 8.0 50 
Chymotrypsin............... 8-9 7.0 58 36 
NE i aidia'y iowa aeiorhe sks 7 6.8 9 0 
DEN S25. banaue dt 9:p0050es 1.5 1.0 0 0 
TaBLe IV 


Inhibition of acid phosphatase by various polymers 
Experimental conditions were as in Table II. 














% of inhibition at 
Polymer 
10-*n | 10°§N | 10° N 

Hexametaphosphate*....................... 0 0 
Polymetaphosphate*....................... 28 7 
AOIMIOTID, os cece ccc cecccccees 99 98 62 
ee 99 | 96 | 66 
Es nec ait eek psadcccsdes senses 99 75 15 
Polydibenzyl phosphatef................... 6 0 
Polydiphenyldimethyl methane phosphatef. 54 0 
I EEE Ot eee ee eee 0 0 0 
Polyethylene sulfonate§.................... 16 36 20 
Sulfonated polystyrenef.................... 96 92 29 
ere 17 21 9 
N-Sulfochitosan§........................... 40 10 
N-Sulfo-O-sulfochitosan§................... 27 40 48 
Chondroitin sulfate]....................... 0 0 
EE RDU ccs SET hoes C80 ca vats see os 46 44 
Polyethylene-2-(N-methyl pyridinium io- 

ea ay ein etre Ns HERE Cee SINS 0 0 0 
Poly (p-xylyl-N ,N-dimethyl ammonium bro- 

a0 a tente tO aeite mate ch adel cipeleto 0 0 0 











* Victor Chemical Works, Chicago, Illinois. 

t Ing. B. Hégberg, A/B Leo, Hilsingborg, Sweden. 

t Dr. F. W. Schueler, Department of Pharmacology, Tulane 
University, New Orleans, Louisiana. 

§ Dr. Lester Coleman, The Upjohn Company, Kalamazoo, 
Michigan. 

{ Nutritional Biochemicals Corporation, Cleveland, Ohio. 
The assumed equivalent weight of heparin was 194. 


molecular weight of about 300,000, was a poor inhibitor. Cer- 
tain sulfonate or sulfate polymers exhibited a curious maximum 
of inhibition at 10-' n. The cationic polymers, polyethylene-2- 
(N-methyl pyridinium iodine) and poly(p-xylyl-N , N-dimethyl 
ammonium bromide) had no inhibitory action. 

The degree of inhibition of prostatic phosphatase by PXP 
Lot 116B and by fluoride was markedly dependent upon pH 
(Fig. 1), being more powerful on the acid side of the pH optimum. 
A similar effect was previously noted by Town et al. (15) for the 
inhibition of urease by suramin, and by Dicafalusy et al. (1) for 
the inhibition of alkaline phosphatase by polyphloretin phos- 
phate, which they interpreted as reflecting an interaction between 
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the positively charged enzyme and negatively charged anionic 
polymer. If this is so, the degree of inhibition should be reduced 
by increasing the ionic strength of the medium. As seen in 
Table V, addition of NaCl significantly reduced the inhibition 
by PXP. 

Upon prolonged dialysis of PXP, only part of the polymer 
remained within the dialyzing bag. The diffusible fraction was 
apparently of intermediate size because, like the polymers, it 
was inhibitory. The monomer, 4,4’-xenyldiphosphoric acid, 
was not inhibitory even at 10-* n, but was hydrolyzed by 
prostatic phosphatase at approximately the same rate as B- 
glycerophosphate. 

Nonspecific interaction between PXP and protein seems to 
account for the reversal of PXP inhibition of phosphatase by 
various proteins; basic proteins were somewhat more effective 
than egg albumin in this respect (Table VI). The synthetic 
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pH 
Fic. 1. The effect of pH upon phosphatase activity in the pres- 
ence of 10-* n PXP Fraction B (@——@) and 5 X 10-' n NaF 
(O——O) or without inhibitor (<——xX). Conditions were as 
in Table II; vertical axis: milligrams of inorganic phosphate 
formed per mg. of enzyme N per hour. 


TABLE V 
Effect of salt concentration on PXP inhibition of acid phosphatase* 








NaCl concentration Inhibition 
molar % 
0 98 
0.04 93 
0.08 90 
0.4 54 








* Inhibition was measured as in Table II but with 7 X 107° 
n PXP, Lot 116B, and omitting the Michaelis buffer (5). 
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cationic polymer, poly(p-xylyl-N ,N-dimethyl ammonium bro- 
mide) acted similarly to proteins in reversing PXP inhibition. 
The degree of reversal of PXP inhibition was essentially the 
same regardless of whether the PXP was preincubated with 
phosphatase or with globin (Table VI), demonstrating that the 
complex formed between PXP and phosphatase or globin was 
dissociable. Putrescine, cadaverine, and spermine, reported by 
Jeffree (16) to protect prostatic phosphatase against surface 
inactivation during extreme dilution, were totally inactive in 
reversing PXP inhibition. 

In Fig. 2, the inhibition of prostatic phosphatase by un- 
branched PXP is shown to be of the noncompetitive type when 
tested by the conventional Lineweaver-Burk plot (17). The 
degree of inhibition was unaffected by the presence of 0.001 m 
Versene (Dow Chemical Company), 0.01 m citrate, 0.01 m Mg*t, 
or of 0.01 per cent Triton X-100 (Rohm and Haas Co.), a non- 
ionic surface-active agent employed by Tsuboi and Hudson 
(18) to prevent surface inactivation of prostatic phosphatase. 
The inhibition of phosphatase by 10-' n PXP was 95 to 98 per 
cent complete regardless of whether the substrate was 6-glycero- 
phosphate (Mallinckrodt), phenylphosphate (Distillation Prod- 
ucts), 2-methyl-1,4-naphthohydroquinone diphosphate (Hoff- 
man-LaRoche), or O-carboxyphenylphosphate (California 
Foundation). 


DISCUSSION 


A comparison of the inhibitory potency of various polymers 
toward phosphatase indicates that factors in addition to electro- 
static interaction may be implicated. Potassium polymetaphos- 
phate (Graham’s salt) of high molecular weight was a poor 
inhibitor despite its moderately high charge density and linear 
structure (19). Although the PXP preparations prepared in 
this laboratory were more inhibitory than the other somewhat 
similar polyarylphosphates prepared by the Swedish workers, 
differences in the methods of synthesis may account for this, 
although analytical data of their preparations are scant. The 
lower charge density at pH 5 of polyarylphosphate preparations 
of highly branched structure could explain some of the differences 
observed in the degree of inhibition of phosphatase by Fractions 
A and B. Although the lack of inhibition by polyacrylate 
(pK 6.1) is not surprising in view of its incomplete ionization at 
pH 5.0, the differences between the inhibition by sulfate, sul- 
fonate, and phosphate polymers cannot be explained on that 
basis. With certain of the sulfochitosans and polyethylene 
sulfonate, a peculiar peak of inhibitory activity was found at 
10-5 n but they were generally less inhibitory than PXP or 
sulfonated polystyrene. 

A considerable body of evidence has accumulated in favor of 
the concept that basic groups are essential for the activity of 
prostatic phosphatase. Surface inactivation of prostatic phos- 
phatase by dilution is prevented by various polyamines (16). 
The high sensitivity of prostatic phosphatase to inhibition by 
negatively charged polyelectrolytes is best explained by blockage 
of a number of positively charged groups essential to the en- 
zyme action, although not necessarily at the active center. 
Inasmuch as the isoelectric point of this enzyme is about pH 
4.4 (20), its protein surface bears a net negative charge over 
most of the pH range at which the catalytically essential cationic 
sites are presumed to interact with polyanions. The inhibition 
by anionic polymers resembles that by fluoride in that in both 
cases inhibition is weak or absent on the alkaline side of the pH 
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TaBLe VI 
Protein reversal of PXP inhibition of acid phosphatase 
Inhibition was measured as in Table II with 0.5 ml. of prostatic 
extract (0.002 per cent protein), 0.5 ml. of protein solution (0.01 


per cent), 1 ml. of 10-* n PXP lot 116B, 4 ml. of 0.015 m 8-glycero- 
phosphate and water to 6.0 ml. 








Poly(p-xylyl-N ,N-dimethy] ammonium bromide)f. . 
Globin + PXP, enzyme added 15 min. later 
Enzyme + PXP, globin added 15 min. later 
Enzyme + globin, PXP added 15 min. later 
Enzyme + globin, no PXP added 


Addition Lahiee ty 

% 

es dros ERMA 6 hee OK woe 90 
ES ony sve aoe eo cues ie eek an errr 89 
Pe es SO. US SS Coe 90 
SEAN Ga Sl 27 iV. 60e ee Je, Palos oboe 90 
I isis: wh nice ala ibe Sy a wri dig his ose a oben 55 
NT 5% hxaslinea aerate dicta stoviega 3 pede wh ae 33 
Ne La. 55 acistens wird «<bbcwasl + dase cd dds ee 33 
Protamine* 28 
52 

33 

28 

28 

0 








* Nutritional Biochemicals Corporation. 

t Delta Chemical Works, New York. 

t Generously supplied by Dr. F. W. Schueler, Department of 
Pharmacology, Tulane University. 

§ Mann Research Laboratories, Inc., New York. 








lL i — 
400 800 1200 
Ac 
S 
Fic. 2. Lineweaver-Burk plot of phosphatase activity alone 
(@——@) and in the presence oi 5 X 10-* n PXP (O——O). 
S = molarity of glycerophosphate, V = milligrams of inorganic 


phosphate formed. Conditions otherwise were as in Table II. 


optimum in confirmation of the findings of Anagnostapoulos (21). 
It is also reduced by media of greater ionic strengths, or by 
addition of protein (22), although in a complex manner. As a 
consequence of these and other observations on the protective 
effect of fluoride on thermal inactivation of prostatic phos- 
phatase, Reiner et al. (22) suggested that fluoride may exert its 
action as the dimer HF; which could be “associated with two 
adjacent but independent positive centers so located that it 
‘straddles’ one or more critical hydrogen bonds.” A recent 
steric description by London et al. (23) of the region of the 
active center of prostatic phosphatase pictures a cationic and a 
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hydrogen bonding site on each side of a critical seam on the 
enzyme surface. The extremely strong inhibition exerted by 
anionic polymers possibly arises from the reinforcing effect of a 
large number of anionic groups each separated from the next 
by relatively rigid groups at distances which particularly favor 
attraction to these same positive centers of prostatic phos- 
phatase. Whether the character of the organic spacer between 
anionic groups affects the degree of inhibition remains to be 
determined. 


SUMMARY 


The inhibitory potency of a number of polydisperse anionic 
polymers toward a number of enzymes was investigated. Poly- 
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xenylphosphate was found to be a powerful, noncompetitive 
inhibitor of prostatic acid phosphatase; it also inhibited ribo- 
nuclease, deoxyribonuclease, glyceraldehyde phosphate de- 
hydrogenase, and chymotrypsin less strongly. 

The inhibition of prostatic phosphatase by polyxenylphos- 
phate was greater on the acid side of the pH optimum and was 
reversed by basic proteins, cationic polymers, and by increased 
salt concentrations. Polysaccharide sulfates, polymetaphos- 
phate, and polyethylene sulfonate were less inhibitory to phos- 
phatase than were polyxenylphosphate or sulfonated polystyrene. 


Acknowledgments—We wish to acknowledge the assistance of 
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II. INHIBITION OF RIBONUCLEASE 


Joun P. Hummet, MINERVA FLorEs, AND GUNNAR NELSON 


From the Departments of Biochemistry and Urology, State University of Iowa, Iowa City 


(Received for publication, March 20, 1958) 


The hydrolysis of ribonucleic acid or a number of pyrimidine 
nucleotide 3’-phosphate esters as catalyzed by pancreatic ribo- 
nuclease is generally regarded as occurring in a biphasic fashion, 
the first phase involving formation of nucleoside-2’ ,3’-cyclic 
phosphates, whereas the second involves hydrolysis of the cyclic 
intermediate to 3’-nucleoside phosphoric acids (1). 

Reports of inhibition of RNase by various anionic polymers 
such as heparin (2-5) and polyphloretin phosphate (4) suggest 
that these materials as a class may behave as competitive in- 
hibitors of RNase. Recent dilatometric and spectrophotometric 
measurements of ribonucleic acid breakdown by RNase demon- 
strate that the initial step is less inhibited by heparin than is the 
subsequent cyclic phosphatase step (4). This observation would 
seem to support the argument that the phosphotransferase and 
cyclic phosphatase reactions are catalyzed at different active 
centers on the enzyme surface (6). The following experiments 
which concern the inhibition by the anionic polymer, PXP,' of 
RNase activity with different substrates were devised in an at- 
tempt to explain the apparent selective inhibition. 


EXPERIMENTAL 
Materials 


Crystalline RNase (Armour, Lot 381-059) was used through- 
out. Substrates employed were sodium ribonucleate (Nutri- 
tional Biochemicals Corporation, Cleveland, Ohio), cytidine 
2’ ,3’-cyclic phosphate (Schwarz Laboratories, Inc., Mt. Vernon, 
N. Y.) and cytidine 3’-benzylphosphate (generously donated by 
D. M. Brown, Cambridge University, Cambridge, England). 
The method of Cohn (7) was used to separate commercial cyti- 
dylic acid into its 2’ and 3’ isomers. 

Lots 116 A and B of PXP, described in the first paper of this 
series (8), were used throughout this study. The analytical 
values reported there indicate that the preparation is a polydis- 
perse anionic colloid largely composed of repeating —CsH,C.H,- 
OPO;H— groups with random triester branches terminating with 
phosphate monoester or phenol groups. The heparin, polyethyl- 
ene sulfate, and polymetaphosphate preparations were the same 
as used in the preceding work (8). 


Methods 


1. Cyclic Phosphatase Activity—Activity was measured by de- 
termining the alkali required to neutralize the acid formation 


* Supported in part by grants from the Iowa Division of the 
American Cancer Society and Grant No. C-3256 of the National 
Institutes of Health, United States Public Health Service, Be- 
thesda, Maryland. 

1 The abbreviation used is: PXP, polyxenyl phosphate. 


from cytidine cyclic phosphate or from RNA at constant pH, in 
a manner similar to that used by Edelhoch and Coleman (9) and 
by Davis and Allen (10). 

The enzyme reactions were carried out in a water-jacketed 
glass vessel at 25 + 0.1° in which the pH was measured with a 
Beckman model GS meter while the mixture was stirred mag- 
netically. When all constituents except enzyme had been placed 
in the vessel, the desired pH was achieved by addition of 0.01 
N NaOH from a syringe microburette. The final volume after 
addition of enzyme was 10 ml. After addition of RNase, the 
volume of 0.01 n NaOH required to maintain the pH constant 
was recorded at 30 second intervals. The volume of alkali added 
never exceeded 0.2 ml. The data are corrected for atmospheric 
carbon dioxide absorption and spontaneous substrate hydrolysis 
under identical conditions and are expressed as micromoles of 
acid formed per minute. Measurements carried out at pH values 
below pH 7.0 were also corrected for the fraction of undissociated 
acid formed, assuming the pK, of 3’-cytidylic acid to be 6.0 (11). 
The rate of acid formation between 1 and 5 minutes after addi- 
tion of RNase was judged to be sufficiently constant to represent 
the initial rate at zero time. At concentrations of cytidine cyclic 
phosphate below 12 umoles per vessel, the rate of acid formation 
fell off appreciably during this interval and had to be extrapo- 
lated back to zero time to estimate the initial rate. 

2. RNA _ Depolymerization—The depolymerization was as- 
sumed to represent phosphotransferase activity of RNase, par- 
ticularly if brief enzyme reactions were used. The procedure of 
Anfinsen et al. (12) was therefore modified by limiting the dura- 
tion of the reaction to 5 minutes. Reactions above pH 6 were 
buffered with phosphate of 0.064 ionic strength. Since PXP has 
an intense ultraviolet absorption, care was taken to insure that 
it did not interfere with the measurement of acid-soluble oligo- 
nucleotides. The samples containing PXP were therefore read 
against appropriate blanks lacking RNase but containing PXP 
of the same concentrations. The perchloric acid-uranyl acetate 
reagent (12) used to precipitate RNA appears to have precipi- 
tated PXP completely since no significant increase in the ab- 
sorption of the blanks due to PXP was found. 

3. Hydrolysis of Cytidine Benzyl Phosphate and Cytidine Cyclic 
Phosphate—Hydrolysis was also measured chromatographically. 
Solutions containing 1.24 uwmoles of cytidine benzyl phosphate or 
cytidine cyclic phosphate, 25 ug. of RNase, 0.3 umoles of phos- 
phate pH 6.8, together with potassium chloride and other addi- 
tions to give a total volume of 0.2 ml. and an ionic strength of 
0.11, were incubated at 25°. Before the addition of RNase and 
at intervals thereafter, 20 ul. aliquots were applied to Whatman 
No. 1 filter paper sheets. Descending chromatograms were de- 
veloped with the isopropyl alcohol-ammonia-water system de- 
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scribed by Brown and Todd (13) for a similar type of experiment. 
The Rp values of cytidine benzyl phosphate, cytidine cyclic 
phosphate, and cytidylic acid in this system were 0.7, 0.4, and 
0.15, respectively. Rectangles of exactly 2 inches square, en- 
closing the areas appearing dark by ultraviolet examination, were 
cut out and shaken gently in 5 ml. of 0.01 n HCl for 2 hours. 
The absorbancies measured at 260 my were corrected for back- 
ground absorbancies of directly adjacent clear areas of the chro- 
matograms. 

Factors Affecting Cyclic Phosphatase Activity—The rate of hy- 
drolysis of cytidine cyclic phosphate catalyzed by RNase was 
investigated in order to establish optimal assay conditions for 
subsequent studies. 

The pH optimum of cyclic phosphatase activity of RNase at 
ionic strength of 0.11 was 7.0 (Fig. 1), a value somewhat lower 
than those reported by Bain and Rusch (14) and by Kunitz (15) 
who used RNA as substrate. Below pH 6.2, acid production was 
too small to measure in the present system due to the lowered 
enzyme activity as well as to the smaller amount of dissociated 
acid formed. 
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Fig. 1. The influence of pH upon the rate of the RNase cat- 
alyzed hydrolysis of cytidine cyclic phosphate. In each experi- 
ment the acid production from 24 umoles of cytidine cyclic phos- 
phate, 1 mmole of KCl, and 90 yg. of RNase in a 10 ml. final volume 
was measured as described in the text. Upper curve (O——O) 
is without inhibitor; lower curve (@——®@) is in the presence of 
10-* n PXP, Lot 116B. 


TaBLe I 
Effect of ionic strength on hydrolysis of cytidine 
cyclic phosphate by RNase 
In each experiment the following were used: 24 umoles of cyti- 
dine cyclic phosphate, 75 ug. of RNase, KCl in the amounts indi- 
cated, and, in some cases, 2 wymoles of 2’-cytidylic acid in a total 
volume of 10 ml. at pH 7.0. 
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Acid formed 
Tonic strength 

No inhibitor With 2’-cytidylic acid 

pmoles/min. pumoles/min. 
0.3 0.30 0.16 
0.26 0.32 0.16 
0.20 0.34 0.19 
0.13 0.33 0.16 
0.10 0.32 0.16 
0.05 0.29 
0.01 0.20 
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MINUTES 
Fig. 2. The course of hydrolysis of 60 wmoles (O——O) and 
7.2 umoles (@——@) of cytidine cyclic phosphate by 75 ug. of 
RNase at pH 6.7 and 0.11 ionic strength. 


Variations in the ionic strength of the medium, using KC] as 
a source of nonspecific ions, had a marked influence upon the 
cyclic phosphatase activity of RNase. As shown in Table I, the 
optimum ionic strength at pH 7.0 was 0.1 to 0.26, a range which 
agrees well with some reports (5, 16) but is at variance with 
others (9, 10). Since, in obtaining their optimum of 0.3, Davis 
and Allen (10) determined the effect of varying concentrations 
of sodium chloride on the time required for 30 per cent hydrolysis 
of uridine cyclic phosphate by RNase, a likelihood existed that 
the discrepancy arose from a protective effect of electrolytes 
against inhibition by increasing amounts of the products of the 
reaction. Variations in the potassium chloride concentration of 
the medium (Table I), however, had no significant effect upon the 
degree of inhibition by 2’-cytidylic acid, indicating that ionic 
strength is probably not an important factor in the inhibition of 
RNase by mononucleotide products. 

The rate of cytidine cyclic phosphate hydrolysis as catalyzed 
by RNase, shown in Fig. 2, was fairly constant over a 5 minute 
interval, particularly with higher concentrations (24 to 60 umoles 
per vessel substrate). The deceleration of the rate at lower con- 
centrations was more rapid than may be accounted for by de- 
pletion of the substrate and appears to be due to inhibition by 
reaction products (Table II). In confirmation of previous find- 
ings (10), 2’-cytidylic acid was more inhibitory than 3’-cytidylic 
acid. As seen in Fig. 3, this inhibition by 2’-cytidylic acid was 
of the competitive type. 

The influence of substrate concentration upon the hydrolysis 
rate of cytidine cylic phosphate is illustrated in Fig. 3 by a Line- 
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weaver-Burk plot. From the slope (Z) and the intercept 
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TasB_e II 
Inhibition of cyclic phosphatase activity of RNase 
by isomeric cytidylic acids 
Each vessel contained 24 umoles of 2’,3’-CMP,* 1 umole of 
KCl, 75 ug. of RNase, and other additions in a total volume of 
10 ml. at pH 6.80, 25°. 








Added nucleotide Acid formed 

pmoles/min. 
ene lated gy yori eg aia pi aad di rae te a 0.27 
2’-CMP,, 0:48 pmoles. ........... 0060000085 0.23 
DAME, DAO MABONOS. os os. Sloe as sh 0.15 
2 -COEP BAD panes o.oo... os es selew ides 0.11 
et errr 0.26 
Oe re re 0.24 
err ee 0.20 








* Cytidine monophosphate. 


6.7 and 25°. The Michaelis constant K,, was found to be 9.9 x 
10-* m, indicating that the affinity of the enzyme for the sub- 
strate is relatively weak. 

The relationship between the rate of acid formation and the 
amount of RNase (Fig. 4) was essentially linear up to 90 ug., 
justifying the use of this procedure as a quantitative measure of 
RNase activity in subsequent experiments. 

Inhibition of RNase Activity—Activity of RNase was only 
moderately inhibited by 10-* n PXP, as measured by the modi- 
fied Anfinsen procedure. At pH 5, the inhibition was about 35 
per cent, using 1 per cent RNA as substrate; above pH 5.8 no 
inhibition by 10- n PXP could be observed, whether measured 
by the Anfinsen procedure or by titrimetric means. 

The activity of RNase toward cytidine cyclic phosphate was 
almost completely inhibited below pH 6.7 by 10 n PXP, but 
even on the alkaline side of the pH optimum the inhibition was 
considerable, as seen in Fig. 1. Although PXP, Lot 116B, was 
strongly inhibitory to the cyclic phosphatase activity of RNase, 
giving 78 per cent inhibition at a concentration 10~ n, the same 
concentration of Lot 116A, which was a highly branched PXP of 
smaller size, gave only 8 per cent inhibition. Polymetaphos- 
phate at 10‘ N was not inhibitory, but heparin and polytheylene- 
sulfonate at that concentration gave 53 and 31 per cent inhibi- 
tion of cytidine cyclic phosphate hydrolysis by RNase. The 
marked pH dependence of the inhibition is characteristic of en- 
zyme inhibition by anionic polymers (17) and is explainable as a 
coulombic interaction of cationic groups of the protein with 
anionic groups of the polymer. The inhibition of this cyclic 
phosphatase activity was strongly influenced by substrate con- 
centration. The observed rates of acid formation when plotted 
by the Lineweaver-Burk method show this inhibition to be of 
the competitive type (Fig. 3), unlike the inhibition by polyaryl- 
phosphates of phosphatase (8) and hyaluronidase (17). 

The marked inhibition of cyclic phosphatase activity at con- 
centrations of PXP which had no effect upon the depolymeriza- 
tion of RNA might be accounted for in two ways. If the RNase 
molecule possessed two active sites which separately catalyzed 
the cyclic phosphatase and phosphotransferase reactions, these 
results might indicate selective competitive inhibition only of one 
site by PXP at concentrations which had no effect on the other. 
An alternative explanation is that the affinity of the RNase- 
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Fic. 3. Lineweaver-Burk plot of the relationship between cyclic 
phosphatase activity and substrate concentration in the absence 
of inhibitor (O——O) and in the presence of 2 X 10-°* n PXP, 
Lot 116B, (@——@) or 1.4 X 10‘ m 2’-cytidylic acid (@——@ ) 
at pH 6.7 and 0.11 ionic strength. V = yumoles of acid formed 
per minute and S = ymoles of cytidine cyclic phosphate, using 
75 wg. of RNase. 
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Fic. 4. The relationship between the rate of acid formation 
from 24 wmoles of cytidine cyclic phosphate and varying amounts 
of RNase at pH 6.7 and 0.11 ionic strength under the conditions 
described in the text. 
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RNA complex may be so great as to prevent RNase-PXP in- 
teraction, whereas the affinity of this latter complex may be 
greater in turn than that of the weak RNase cyclic phosphate 
complex. 

To settle this point RNase was incubated with cytidine benzyl 
phosphate in the presence and absence of PXP at pH 6.7. This 
substrate was selected because its molecular size is roughly the 
same as that of cytidine cyclic phosphate, and the products of 
RNase action, cytidine cyclic phosphate, and 3’-cytidylic acid, 
may be readily separated by paper chromatography. 

As shown in Fig. 5, a relatively low, steady state concentra- 
tion of cytidine cyclic phosphate was soon established, whereas 
the formation of cytidylic acid proceeded at a uniform rate with- 
out any initial lag. Addition of 10“ x PXP in this case caused 
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Fic. 5. The concentrations of cytidine benzyl phosphate, 
cytidine cyclic phosphate, and cytidylic acid, after addition‘ of 
RNase, under conditions described in the text, in the absence 
(O——O) and presence (@——®@) of 4 X 10-* nN PXP, Lot 116B. 
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Fia. 6. The concentrations of cytidine cyclic phosphate and 
cytidylic acid after addition of RNase, under the conditions 
described in the text, in the absence (O——O) and presence 
(@——®@) of 4 X 10°‘ n PXP, Lot 116B. 


37 per cent inhibition of the disappearance of the benzyl ester 
after 35 minutes, caused a slower formation of cytidine cyclic 
phosphate, and almost completely blocked the formation of 
cytidylic acid. After 2 hours the cyclic nucleotide had accumu- 
lated to a steady state concentration somewhat greater than that 
observed in the absence of PXP. The results of a comparable 
experiment using cytidine cyclic phosphate as substrate are 
shown in Fig. 6. It will be seen that the disappearance of the 
cyclic nucleotide was accompanied by the simultaneous appear- 
ance by cytidylic acid. Addition of 10-* n PXP inhibited the 
disappearance of cytidine cyclic phosphate by 26 per cent at 35 
minutes, and the appearance of cytidylic acid was inhibited to a 
similar extent. Thus, the hydrolysis of cytidine benzyl phos- 
phate to cytidine cyclic phosphate was inhibited to about the 
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same extent as the hydrolysis of an equal concentration of cyti- 
dine cyclic phosphate to cytidylic acid. 


DISCUSSION 


Although these results do not definitely disprove the existence 
of separate active centers for each of the enzymic activities of 
RNase, they show that any such centers cannot be distinguished 
on the basis of a selective inhibition by PXP, which acts as a 
powerful competitive inhibitor of RNase with small substrates. 

The selective inhibition by anionic polymers of only the second 
step in the hydrolysis of RNA by RNase, which was observed 
by Vandendriessche (4) at pH 4.7, appears to be best explained 
by assuming that the affinity of the RNase-polymer complex is 
weaker than that of the RNase-RNA complex but greater than 
that of the complex of RNase with cyclic oligonucleotides. The 
values of K,, for the RNase-RNA complex based upon titrimetric 
measurements were found by Edelhoch and Coleman (9) to de- 
pend upon the properties of the RNA preparation. Unfor- 
tunately, no comparable determinations based upon spectro- 
photometric or dilatometric methods appear to have been made. 
Although their maximum value of 1.25 mg. per ml. cannot be 
directly related in molar concentrations to the Km of about 
9.9 xX 10 m for the RNase-cytidine cyclic phosphate complex 
found here, an approximate figure of 1.6 x 10‘ m for the RNase- 
RNA pyrimidine internucleotide grouping complex can be calcula- 
ted from their data, provided one makes the dubious assumption 
that for each pyrimidine residue there exists an RNase-hy- 
drolyzable internucleotide grouping and that their RNA prep- 
aration was an essentially infinite unbranched polynucleotide of 
the same composition as reported by Chargaff et al. (18). The 
actual meaning of the K,, of the RNase-RNA complex as deter- 
mined titrimetrically, in any event, is open to question. This 
Kw» is relevant only if free cyclic phosphate oligonucleotides or 
mononucleotides are not obligatory intermediates in the break- 
down by RNA by RNase. That this may, however, be the case 
is suggested by the absence of any lag in the formation of acid 
attending the attack of RNase upon RNA (9) or cytidine benzyl 
phosphate (Fig. 5). 


SUMMARY 


The rates of hydrolysis of cytidine-2’ ,3’-cyclic phosphate by 
pancreatic ribonuclease were investigated under various experi- 
mental conditions by measurement of acid formation at constant 
pH. An optimal ionic strength range of about 0.10 to 0.26 and 
an optimum pH of 7.0 were found. The Michaelis constant for 
the ribonuclease-cytidine cyclic phosphate at pH 6.7 and at 25° 
was calculated to be 9.9 x 10-4 m. 

Hydrolysis of cytidine cyclic phosphate by ribonuclease was 
competitively inhibited by 2’-cytidylic acid and by polyxenyl 
phosphate. At concentrations of polyxenyl phosphate which 
strongly inhibited hydrolysis of cytidine cyclic phosphate by ri- 
bonuclease, no inhibition of the hydrolysis of yeast ribonucleic 
acid was observed. The inhibition of ribonuclease activity was 
more marked on the acid side of the pH optimum of the enzyme. 
Concentrations of polyxenyl phosphate which inhibited cytidine 
cyclic phosphate hydrolysis by ribonuclease also inhibited the 
breakdown of cytidine 3’-benzyl phosphate. The implication of 
these findings for the hypothesis that ribonuclease possesses 
separate active centers for its different catalytic activities is dis- 
cussed. 
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The enzyme 6-hydroxybutyryl dehydrogenase (1-4) catalyzes 
the reaction shown in Equation 1'. This dehydrogenase differs 


L(+)-BOH—S—CoA (or Pn) + DPN*+ = 


AcAc—S—CoA(or Pn) + DPNH + Ht (1) 


from the “classical” 8-hydroxybutyric dehydrogenase in that 
the substrate is a thioester and not a free acid. Like the anal- 
ogous pyridine nucleotide dehydrogenases studied previously 
(5, 6), B-hydroxybutyryl dehydrogenase has been found to cause 
a direct and stereospecific transfer of hydrogen from substrate 
to diphosphopyridine nucleotide. Evidence is presented here 
for this conclusion, and for the conclusion that the hydrogen 
transfer proceeds with §-stereospecificity for the nicotinamide 
ring of the diphosphopyridine nucleotide. 


MATERIALS AND METHODS 


B-Hydroxybutyrate—A water solution of pt-BOH was neu- 
tralized with sodium carbonate, taken to dryness at 120-130° 
in an oil bath, and kept in vacuo over P.O; for 24 hours. The 
dry sodium salt thus obtained was crystallized from concentrated 
solution in hot absolute ethanol, washed with absolute ether 


* This investigation was supported in part by research grants 
from the National Institute of Arthritis and Metabolic Diseases 
(Nos. A-739 and A-891) of the National Institutes of Health, 
United States Public Health Service, from the National Science 
Foundation, from the Dr. Wallace C. and Clara A. Abbott Memo- 
rial Fund of the University of Chicago, and from the Williams- 
Waterman Fund of the Research Corporation. 

t From the Department of Biochemistry, University of Chi- 
cago. Dr. Marcus is a Postdoctoral Fellow, United States Public 
Health Service, 1956-1958. 

t From the Department of Pharmacology, School of Medicine, 
Western Reserve University. 

1 The abbreviations used are: DPN, diphosphopyridine nucleo- 
tide; DPN*, oxidized DPN; DPNH, reduced DPN; DPND, re- 
duced diphosphopyridine nucleotide containing deuterium in the 
reduced or para position of the nicotinamide ring; a-DPND, the 
stereoisomer of DPND obtained by reduction of DPN* with 1,1- 
dideuteroethanol in the presence of yeast alcohol dehydrogenase; 
B-DPND, the other diastereoisomer of DPND; DPN(D)*, nico- 
tinamide-4-D-DPN*, i.e., DPN* containing deuterium in the para 
position of the nicotinamide ring; Tris, tris(hydroxymethy]l)- 
aminomethane; CoA, coenzyme A; Pn, pantetheine; AcAc, aceto- 
acetic acid; BOH, @-hydroxybutyric acid; AcAc—S—Pn, aceto- 
acetyl pantetheine; BOH—S—Pn, 8-hydroxybutyryl pantetheine. 


and dried in vacuo over POs. The calcium-zinc double salt was 
prepared according to Shaffer and Marriott (7). This was re- 
converted to the sodium salt by neutralization of the BOH 
obtained by ether-extraction after addition of acid. 

B-Hydroxybutyryl Dehydrogenase—The enzyme used was a 
crystalline preparation from pig heart (1) with a specific activity 
of 128, t.e., 1 mg. of enzyme catalyzed the reduction of 128 
umoles of AcAc—S—Pn per minute at 25° and pH 7.0 under 
standard assay conditions. This preparation was free of cro- 
tonase and 6-hydroxybutyryl—S—CoA racemase (8). It had 
no significant lactic or malic dehydrogenase activities. 

DPN and Related Compounds—DPN* and DPNH were prod- 
ucts of Pabst Laboratories. a-DPND was prepared by reduc- 
tion of DPN+ with dideuteroethanol (9, 10). DPN(D)*+ was 
prepared by Mr. T. Nakamoto according to the procedure of 
San Pietro (11). Analyses for DPN*+ and DPNH were carried 
out as previously described (9, 10). 

p-Bromophenacyl Bromide—The commercial reagent was re- 
crystallized from n-propanol, with charcoal treatment, to give a 
white product. 

p-Bromophenacyl pt-BOH—For preparation of a reference 
compound, the sodium salt of pt-BOH (about 1 mmole) was re- 
fluxed with 0.80 to 0.85 equivalents of p-bromophenacy! bromide 
in 5 ml. of 60 per cent ethanol for 1 hour. The solution was then 
heated to about 70° and hot water was added to permanent tur- 
bidity. The solution was allowed to cool slowly, first to room 
temperature, and then to 0°. The precipitate was collected by 
centrifugation, dissolved in a small volume of ethanol, and re- 
crystallized as above, m.p. 83-84°. The derivative could 
also be recrystallized from water with no change in melting 
point. 

Analysis—Calculated for Ci2HisBrO,: C, 47.9; H, 4.34; Br, 
26.6. Found?: C, 47.7; H, 4.27; Br, 27.8. 

AcAc—S—Pn—Pantethine was obtained commercially (Nu- 
tritional Biochemicals) and reduced to pantetheine with sodium 
borohydride. A water solution containing 70 to 100 umoles of 
AcAc—S—Pn per ml. was prepared by treating pantetheine 
with diketene (12, 13). The solution was stored at pH 5.5 at 
—20° and was used within 2 weeks after preparation. The 
concentration of AcAc—S—Pn was determined by measurement 
of the amount of DPNH which was oxidized at pH 6.5 in the 
presence of 6-hydroxybutyryl dehydrogenase and excess DPNH 
(13). 


2 Micro-Tech Laboratories, Skokie, Illinois. 
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Procedure for Isolation of Nicotinamide and p-Bromophenacyl 
BOH—The basic experimental procedure consisted in reducing 
AcAc—S—Pn with DPND (or with DPNH in D,0) in the pres- 
ence of B-hydroxybutyryl dehydrogenase, and then determining 
the D content of the reaction products (DPN+ and BOH— 
S—Pn). The D content of the DPN* was determined by hy- 
drolyzing the DPN* to nicotinamide which was diluted with 
unlabeled carrier, isolated and analyzed for deuterium (9, 10). 
The BOH—S—Pn was hydrolyzed to BOH which was diluted 
with unlabeled BOH, converted to the p-bromophenacy] deriva- 
tive, and also analyzed for D. These procedures are similar in 
principle to those previously employed in the study of other 
enzymes (5, 6). However, the hydrolysis of DPN* was carried 
out by heating in alkaline phosphate buffer instead of by treat- 
ment with DPNase. This newer procedure for DPN* hydroly- 
sis was based on the data of Colowick et al. (14). The reaction 
mixture was adjusted to a final phosphate concentration of 0.2 
to 0.3 m at pH 9 to 9.5, and heated for 12 minutes in a boiling 
water bath. Under these conditions, the nicotinamide was com- 
pletely cleaved from the molecule and the BOH—S—Pn was 
also hydrolyzed to BOH. (Alternatively, when only BOH was 
isolated, the BOH—S—Pn was hydrolyzed in 15 minutes at 
room temperature by adjustment of the pH to 12.) After ad- 
dition of the carrier, the pH was adjusted to 7, and the solution 
was extracted continuously with ether for 12 hours in a Kutscher- 
Steudel extractor. The ether extract, which contained the 
nicotinamide, was taken to dryness, and the nicotinamide was 
crystallized several times from benzene and analyzed for deu- 
terium. The residual solution from the first ether extract was 
then subjected to a second continuous ether extraction for 3 to 
4 hours after adjustment of the pH to 1 with H.SO,. The BOH 
which was extracted into the ether was converted to p-bromo- 
phenacyl BOH after neutralization of the extract with NaHCO; 
and removal of the ether by evaporation. The procedure was 
the same as that described above for preparation of the refer- 
ence compound, p-bromophenacyl BOH. 

A deep green contaminant of unknown composition was ob- 
tained when p-bromophenacyl BOH was isolated from a reac- 
tion mixture which contained DPN and had been brought to pH 
12 to hydrolyze the BOH—S—Pn. This green substance was 
removed in two steps. While the turbid suspension of the de- 
rivative was being cooled to room temperature, the green ma- 
terial settled to the bottom of the vessel and the supernatant 
suspension was separated by decantation. The remainder of 
the green material was removed by dissolving the precipitate in 
2 ml. of hot 40 per cent ethanol and treating with charcoal. The 
charcoal was removed by centrifugation and the derivative 
precipitated by addition of water as previously described. 

Although 1(+)-BOH was obtained after hydrolysis of the 
enzymatically synthesized 1(+)-BOH—S—Pn, p1i-BOH was 
added as diluent in all of these experiments. The p-bromo- 
phenacyl BOH isolated from the experiments had the same 
melting point as the reference compound prepared from DL- 
BOH. This implied that the derivative isolated from the ex- 
periments contained equal amounts of p- and 1-BOH, so that a 
small loss of labeled 1-BOH must have occurred. This was 
taken into account by calculating the dilution as twice the dilu- 
tion in the added t-BOH, rather than the dilution in the total 
BOH added (see Experiment A under “Experimental’’). Since 
the carrier pi-BOH was added in large excess relative to the 
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amount of t-BOH formed enzymatically, the difference between 
the two methods of calculation is relatively small. 


EXPERIMENTAL 


Experiment A—The incubation mixture contained 30.0 umoles 
of a-DPND, 400 umoles of potassium phosphate buffer of pH 
6.5, 35 wmoles of AcAc—S—Pn, and 90 yg. of 8-hydroxybutyry] 
dehydrogenase in a final volume of 4.0 ml. of H,O. After incu- 
bation at room temperature for 40 minutes, analysis showed 
that 2.0 wmoles of reduced DPN remained. The reaction mix- 
ture was heated for 2 minutes at 100° to inactivate the enzyme, 
the pH was adjusted to about 9.3 by addition of 0.5 ml. of 1 m 
K;P0Q,, and the heating was continued for 12 minutes at 100°. 
The pH was then readjusted to 7.0 with 6 n HCl, 443 umoles of 
nicotinamide and 636 umoles of pL-BOH were added as diluents, 
and both substances were then isolated from the reaction mixture 
and analyzed for deuterium as described under “Materials and 
Methods.” 

The dilution factor for BOH was calculated by multiplying the 
dilution factor for t-BOH by 2. That is, since 28 umoles of 


a ee and = = 318 ymoles of -BOH were 


added, the dilution factor for t-BOH was et 28 = 12.4, 


and the dilution factor for BOH was 2 x 12.4 = 24.8. 

Experiment B—The incubation mixture contained 58.4 umoles 
of DPN(D)*, 300 umoles of potassium phosphate buffer of pH 
9.8, 0.1 ml. of ethanol and about 0.1 ml. of aleohol dehydrogenase 
suspension (Worthington) in a final volume of 3.5 ml. H.O. 
When about three-quarters of the DPN had been reduced, the 
reaction was stopped by heating at 100° for 2 minutes to inacti- 
vate the enzyme. The pH was then readjusted to 7 with 6 n 
HCl. Enzymatic analyses showed that the solution contained 
40.6 uwmoles of reduced DPN (8-DPND) and 15.5 umoles of 
oxidized DPN (DPN(D)*). 

Then 300 umoles of potassium phosphate buffer of pH 6.5, 
53.5 umoles of AcAc—S—Pn and 90 yg. of 8-hydroxybutyryl 
dehydrogenase were added. The reaction volume was 5.1 ml. 
at this point. After 40 minutes, 3.0 umoles of reduced DPN re- 
mained. After addition of 377 uwmoles of nicotinamide and 457 
umoles of BOH as diluent, the reaction mixture was heated for 
2 minutes at 100° to inactivate the enzyme and the BOH and 
nicotinamide were isolated and analyzed as described under 
‘Materials and Methods.” 

To calculate the dilution factor, it was assumed that all of the 
DPN initially added was eventually converted to nicotinamide 
except the DPNH remaining at the end. To calculate the cor- 
rection noted in Table I, it was assumed that the 15.5 umoles of 
DPN(D)* remaining at the end of the reduction with alcohol 
dehydrogenase had not been reduced. 

Two analyses were carried out to determine the deuterium con- 
tent of the DPN(D)* used in these experiments. In one deter- 
mination, 16.5 ymoles of the DPN(D)*+ were hydrolyzed as 
described under “Materials and Methods” and 605 umoles of 
diluent nicotinamide were added; in the other determination, 
14.2 umoles of DPN(D)* were diluted with 531 ymoles of un- 
labeled diluent nicotinamide before hydrolysis, isolation, and 
analysis of the nicotinamide for excess deuterium. 

Experiment C—The reaction mixture contained 400 umoles of 
Tris buffer of pH 9.8, 54.0 umoles of DPN(D)*, and alcohol 
dehydrogenase as above, in a volume of 3.3 ml. of HO. The re- 
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action was stopped when analysis showed that 43.6 umoles of 
DPN had been reduced. The remainder of the experiment was 
similar to Experiment B except that only the BOH was isolated 
as the p-bromophenacy] derivative after addition of 660 umoles 
of unlabeled BOH as diluent. 

Experiment D—This experiment was identical with Experi- 
ment C except that the incubation mixture contained 500 umoles 
of Tris buffer, 37.0 umoles of DPN(D)*, and alcohol dehydro- 
genase in 2.0 ml. of H.O. The reaction was stopped when 34.6 
umoles of reduced DPN had been formed, and the BOH was iso- 
lated after addition of 706 umoles of diluent. 

Experiment E—The incubation mixture contained 300 umoles 
of potassium phosphate buffer of pH 6.5, 44.6 umoles of DPNH, 
33.3 umoles of AcAc—S—Pn, and 450 yg. of 8-hydroxybutyryl 
dehydrogenase in 5.2 ml. of 74 per cent D.O. After 13 minutes, 
when analysis showed that 10.9 umoles of DPNH remained, the 
enzyme was inactivated by heating for 3 minutes at 100°. The 
BOH—S—Pn was hydrolyzed with alkali, and the BOH was 
isolated and analyzed for deuterium after addition of 692 umoles 
of BOH as carrier. 

Experiment F—The incubation mixture contained 300 umoles 
of potassium phosphate buffer of pH 6.5, 46.4 umoles of DPNH, 
48.8 umoles of AcAc—S—Pn, and 180 yg. of B-hydroxybutyryl 
dehydrogenase in 4.95 ml. of 81 per cent D.O. After incubation 
for 2 minutes at room temperature, the reaction mixture was 
heated for 0.5 minutes at 100°, and analysis of an aliquot showed 
that 2.8 umoles of DPNH remained. The BOH was isolated 
and analyzed for deuterium after alkaline hydrolysis and addi- 
tion of 1330 uwmoles of unlabeled BOH as diluent. 

Experiment G—The reaction mixture contained 180 umoles of 
phosphate buffer of pH 6.5, 47.0 umoles of DPNH, 52.3 umoles 
of AcAc—S—Pn, and 90 yg. of B-hydroxybutyryl dehydrogenase 
in 1.5 ml. of H,O. After 30 minutes, 44.1 umoles of DPNH 
had been oxidized. The reaction mixture was heated at 100° 


TaBLeE I 
Deuterium analyses 


1 atom of deuterium per molecule of nicotinamide and p- 
bromophenacyl-BOH corresponds to values of 16.7 and 7.69 atoms 
per cent excess deuterium, respectively. 








Atom Atoms deuterium 
— ee Compound analyzed Pexcess wy uieaaniint 
found Found | Corrected 
A 2 Nicotinamide 0.886 | 12.6 | 0.755) 0.89* 
BOH 0.012 | 24.8 | 0.04 
B 3 Nicotinamide 0.128 | 37.6 | 0.289 
from DPN (D)*| 0.124 | 38.4 | 0.284 
4 BOH 0.118 | 14.2 | 0.22 
4 Nicotinamide 0.177 8.1 | 0.086) 0.01f 
Cc 4 BOH 0.082 | 18.6 | 0.20 
D 4 BOH 0.074 | 24.1 | 0.23 
E 5 BOH 0.409 | 22.7 | 1.21 | 1.64f 
F 5 BOH 0.342 | 32.5 | 1.45 | 1.79f 
G | Control | BOH 0.020 | 20.7 | 0.05 | 0.10f 
H 8 Nicotinamide 0.043 | 19.1 | 0.049) 0.06f 























* Corrected for the presence of DPN* in the a-DPND (15). 

¢ Corrected for DPN(D)* not reduced by alcohol dehydrogen- 
ase (Equation 3). 

t Corrected to 100 per cent D.O. 
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for 1.5 minutes. After cooling, 2.0 ml. of 99.9 per cent D.O 
were added and the mixture was kept at room temperature for 
15 minutes. The BOH—S—Pn was hydrolyzed with alkali and 
isolated by the usual procedure after addition of 813 uwmoles of 
diluent. 

Experiment H—The first incubation mixture contained 160 
umoles of potassium phosphate buffer of pH 6.5, 42.6 umoles of 
DPNH, 44.8 umoles of AcAc—S—Pn, and 60 ug. of B-hydroxy- 
butyryl dehydrogenase in 4.78 ml. of 84 per cent DO. After 
26 minutes at room temperature, analysis showed that 0.5 
umoles of DPNH remained. The pH was then adjusted to 
about 9.3 by addition of 1 m KsPO,. The mixture was held at 
room temperature for 2 hours, during which time 120 yg. of 
8-hydroxybutyryl dehydrogenase were added in increments. 
At the end of the incubation, 24.0 umoles of DPNH had been 
formed. The solution was lyophilized, the solids were dissolved 
in H,0, the solution was lyophilized again, and the solids were 
redissolved in H,O. The enzyme was inactivated by heating 
for 3 minutes at 100°, and the pH was adjusted to 7.4 with 6 Nn 
HCl, after which 50 umoles of pyruvate and 0.02 ml. of an 
(NH,)2SO, suspension of lactic dehydrogenase (6) were added. 
When the oxidation of DPNH was complete, the enzyme was 
inactivated by heating at 100° for 2 minutes. The nicotinamide 
was isolated and analyzed: as described under ‘‘Materials and 
Methods” after addition of 387 uwmoles of diluent unlabeled 
nicotinamide. In the calculations, the assumption was made 
that 22.5 umoles of DPN had passed through the complete cycle 
of reactions (Equations 6 to 8). The remaining 20.1 ywmoles 
were assumed to provide diluent nicotinamide after alkaline 
hydrolysis. 


RESULTS AND DISCUSSION 


6-Hydroxybutyryl dehydrogenase acts on the pantetheine 
thioesters of BOH and AcAc almost as well as on the analogous 
CoA thioesters (1, 2). In view of the relatively low cost and the 
availability of pantethine as a practically pure synthetic product, 
the —Pn thioesters were used as substrates throughout these 
experiments. To determine whether the enzyme reaction occurs 
with direct transfer of hydrogen, AcAc—S—Pn was reduced by 
DPND in the presence of the enzyme. The reactions were car- 
ried out at pH 6.5 with a slight excess of AcAc—S—Pn. At 
this pH, the equilibrium favors the reduction of AecAc—S—Pn 
by DPNH, and analysis showed that, in all experiments, 92 to 
95 per cent of the DPNH added was oxidized. Separate experi- 
ments were performed with a-DPND and with B-DPND. In 
both cases the products of the reaction, DPN+ and BOH—S—Pn 
were isolated and analyzed for D in the form of nicotinamide and 
p-bromophenacyl BOH. The detailed results for all experiments 
are presented in Table I. 

Experiment A: The Oxidation of a-DPND by AcAc—S—Pn— 
Equation 2 illustrates the procedure and the results obtained in 
an experiment in which a-DPND was oxidized enzymatically 
by AcAc—S—Pn. The figures in parentheses represent atoms 
of deuterium per molecule of the compounds analyzed. The 


a-DPND(0.92) + AcAc—S—Pna — 


BOH—S—Pn(0.04) + DPN*(0.89) (2) 


italicized data were obtained in the present experiments. The 
figures not italicized are taken from data previously published 
(15). The results of the deuterium analyses demonstrate that 
there was essentially no transfer of deuterium from a-DPND 
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to BOH—S—Pn, but that essentially all of the deuterium re- 
mained in the nicotinamide of the oxidized DPN. The reaction 
must therefore have 6 stereospecificity for DPN. 

Experiments B, C, and D: Oxidation of B-DPND by AcAc— 
S—Pn—To demonstrate the direct transfer of hydrogen and to 
confirm the conclusion regarding the stereospecificity of the reac- 
tion, three experiments were performed with B-DPND. The 
procedure and results are illustrated in Equations 3 and 4. 


DPN(D)* (0.28, 0.29) + ethanol — 8B-DPND + acetaldehyde (3) 
B-DPND + AcAc—S—Pa — 
DPN* (0.01) + BOH—S—Pn (0.20, 0.22, 0.28) (4) 


DPN(D)* containing 0.28 to 0.29 atom of deuterium per mole- 
cule was reduced with ethanol and alcohol dehydrogenase at 
pH 9.5 to give B-DPND (Equation 3). The reaction mixture 
was heated for 2 minutes at 100° to inactivate alcohol dehydro- 
genase, and the pH was adjusted to 6.5. The 6-DPND was 
then reoxidized by AcAc—S—Pn in the presence of 8-hydroxy- 
butyryl dehydrogenase (Equation 4). 

The three experiments differed only in the buffer employed. 
In the experiment in which the DPN* was analyzed as nicotina- 
mide, phosphate buffer was used throughout (to facilitate the 
later hydrolysis of DPN*), whereas Tris buffer was used for the 
preliminary reduction (Equation 3) in the other experiments. 
The results demonstrated that essentially all of the deuterium 
was removed from the 6 position, confirming the conclusion that 
the reaction proceeded with £8 stereospecificity, and demon- 
strating in addition, that at least 70 to 80 per cent of the deu- 
terium removed from the 6B-DPND appeared in the BOH— 
S—Pn. 

Experiments E, F, and G: Reaction in D,O—The direct trans- 
fer of hydrogen in pyridine nucleotide dehydrogenase reactions 
can usually be demonstrated both by conducting the reaction 
with deuterium-labeled substrates in a medium of H.O or by 
conducting the reaction with unlabeled substrates in a medium 
of D.O. When the latter type of experiment is done, however, 
the substrate may acquire deuterium from the medium through 
a reaction quite separate from the oxidation-reduction itself. 
For example, an uptake of deuterium from the medium would 
accompany the enolization and ketonization of a carbonyl com- 
pound. Use has previously been made of this fact to show that 
it is, in fact, the carbonyl form, and not the enol form, of the 
substrate which acquires the transferred hydrogen when acetal- 
dehyde, pyruvate, oxalacetate, or testosterone (16, 17) are re- 
duced by DPNH in the presence of the specific dehydrogenases. 
If the enol form were reduced, then the reduced substrate must 
necessarily acquire at least 1 atom of deuterium per molecule, 
since DPNH could donate only 1 of the 2 hydrogen atoms 
which must, under these circumstances, be added to the doubly 
bonded carbon atoms. Though it is possible to prove that it is 
the carbonyl form which must be reduced if the reduction occurs 
without appreciable incorporation of deuterium from the me- 
dium, the opposite conclusion cannot be demonstrated so con- 
clusively. That is, if the reduction occurs with incorporation 
of 1 or more atoms of deuterium from the medium, this may 
simply reflect a very rapid tautomerization unrelated to the oxi- 
dation-reduction reaction. This appears to be the case for the 
reaction catalyzed by 6-hydroxybutyryl dehydrogenase. 

Two experiments were carried out in D,O (Experiments E 
and F). The AcAc—S—Pn was reduced by DPNH, and the 
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BOH formed was isolated and analyzed for deuterium. The 
results are given in Equation 5. The two experiments differed 
only in their duration, the first (Experiment E) lasting 13 min- 


AcAc—S—Pn + DPNH plies 


BOH—S—Pn(1.64, 1.79) + DPN* (5) 


utes, and the second (Experiment F) 2 minutes. In both ex- 
periments, almost 2 atoms of D were incorporated per molecule 
of BOH. This deuterium can not be located on the carbon 
atom which acquires hydrogen by direct transfer. The enzy- 
matic hydrogen transfer must occur on the §-carbon atom, and 
the deuterium acquired from the medium is most probably on 
the a-carbon atom. 

To establish that the deuterium incorporation observed in Ex- 
periments E and F occurred prior to or during the enzymatic 
reaction, an experiment (Experiment G) was performed to de- 
termine whether deuterium was incorporated into BOH nonen- 
zymatically during the isolation procedure. In this experiment, 
AcAc—S—Pn was first reduced by DPNH in H.0O, to give un- 
labeled BOH—S—Pn. The enzyme was inactivated by heat- 
ing for 2 minutes at 100°, and D.O was added to bring the 
final concentration to 57 per cent. The reaction mixture was 
allowed to stand in the 57 per cent D.O for 15 minutes. Then 
the p-bromophenacyl derivative of BOH was isolated after 
alkaline hydrolysis in the medium of D,O. The BOH contained 
only 0.10 atom of excess deuterium per molecule (corrected to 
100 per cent DO). This showed that the major proportion of 
the deuterium incorporation in Experiments E and F must have 
taken place prior to or during the enzymatic reduction of AcAc— 
S—Pn to BOH—S—Pn. The rapid tautomerization of AcAc— 
S—Pn between the keto and the enol forms is regarded as the 
most likely explanation for the incorporation of the deuterium. 
The possibility that the incorporation of deuterium was cata- 
lyzed by a contaminating enzyme appears to be excluded, since 
the dehydrogenase was free of crotonase and of 8-hydroxybu- 
tyryl—_S—CoA racemase, the only other enzymes known which 
may utilize L(+)-BOH—S—Pn. 

It should be noted that because of the rapid incorporation of 
deuterium from D,O in these experiments, no evidence has been 
obtained that AcAc—S—Pn is reduced in the keto rather than 
in the enol form, though reduction of the keto form is regarded 
as more likely. The rapid incorporation of deuterium also 
makes it impractical to employ the reduction to BOH—S—Pn 
as a trapping reaction for AcAc—S—Pn in the manner in which 
the enzymatic reduction to malate has been used as a trap for 
oxalacetate (18, 19). 

Experiment H: Control for Extent of Exchange during Reduc- 
tion—The results of Experiments B, C, and D indicated that 
only about 70 to 80 per cent of the deuterium present in 8-DPND 
was recovered in the BOH formed in the reduction reaction. 
There are a number of possible reasons for this low recovery of 
deuterium. For example, the data might simply reflect the re- 
sults of an isotope discrimination effect, giving faster rupture of 
C—H bonds than of C—D bonds (20). In these experiments, 
it was not practical to carry the reaction to complete oxidation 
of the DPND, and 8 to 9 per cent of the 6-DPND remained 
unoxidized at the end of the reaction. Since only about one- 
fourth of the total reduced DPN contained deuterium, more 
DPNH than DPND may have been oxidized during the reac- 
tion. Another source of error might arise from the indirect 
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method of measuring BOH formed, i.e. by calculation from the 
spectrophotometric determination of the amount of reduced 
DPN oxidized. Loss of, or oxidation of, DPNH by a side reac- 
tion could give an erroneously high value for BOH, with the re- 
sult that the calculated dilution factor would be too low. 
Though the above explanations for the apparent low recovery 
of transferred deuterium in BOH are regarded as reasonable, it 
was also possible that the low recovery might reflect an exchange 
of transferred deuterium with H+ of the medium to the extent 
of 20 to 30 per cent. In order to eliminate this latter possibility, 
a separate experiment was performed as shown in Equations 6 
to 8. DPNH was first oxidized by AcAc—S—Pn in D,O. If 


D.O 
pH 6.5 
D.O 


BOH—S—Pn + DPN* HOS” DPNH + AcAc—S—Pn (7) 


DPNH + AcAc—S—Pn DPNt + BOH—S—Pn (6) 


Lactic 


N > 
et er dehydrogenase 





DPN* (0.06) + lactate (8) 


exchange of transferred H with deuterium of the medium oc- 
curred to the extent of 20 to 30 per cent, then the BOH—S—Pn 
formed in Equation 6 should contain 0.2 to 0.3 atom of deuterium 
per molecule in the stable 6 position of BOH. Such deuterium 
incorporation could not, however, be determined directly, be- 
cause the reaction in D,O results in the incorporation of almost 
2 atoms of deuterium in the BOH, as shown in experiments E 
and F. Any deuterium incorporated into the reduced, 8 posi- 
tion of BOH should, however, be retransferred to DPN if the 
reaction is run back in the other direction as shown in Equation 
7. The shift in the direction of the equilibrium was achieved by 
changing the pH from 6.5 to 9.3. The DPNH formed in Equa- 
tion 7 would have acquired any deuterium exchanged into the 
6 position of BOH, plus another increment acquired by exchange 
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in the second reaction. Thus, if there was a genuine exchange to 
the extent of 20 to 30 per cent, then as much as 40 to 60 per cent 
of the DPNH formed in Equation 7 should have acquired label 
from the medium. This deuterium should be in the 8 position 
of reduced DPN, and would be retained in the nicotinamide after 
oxidation of the reduced DPN by pyruvate in the presence of 
lactic dehydrogenase, an enzyme of a-stereospecificity for DPN 
(6). The D,O was removed by lyophilization and replaced by 
H,0 before the oxidation by pyruvate (Equation 8). The nico- 
tinamide from the DPN*+ was shown on analysis to contain only 
0.06 atom of deuterium per molecule. This is considerably less 
than the 0.4 to 0.6 atom which might have been expected if ex- 
change had occurred. It is not certain that any of this 0.06 
atom of deuterium was in the reduced position (21), but the fig- 
ure sets an upper limit of about 3 per cent to the amount of ex- 
change between the transferred H and the deuterium of the 
medium in the enzymatic reduction of AcAc—S—Pn to BOH— 
S—Pn. 


SUMMARY 


The reaction catalyzed by 6-hydroxybutyryl dehydrogenase 
has been studied with deuterium. When a-DPND (prepared 
by reduction of diphosphopyridine nucleotide with 1,1-dideu- 
teroethanol) is oxidized by acetoacetyl pantetheine, the deu- 
terium is completely retained in the oxidized diphosphopyridine 
nucleotide. In contrast, 8B-DPND (the other diastereoisomer 
of reduced diphosphopyridine nucleotide) transfers deuterium to 
the §-hydroxybutyryl pantetheine formed. This shows that 
the reaction occurs with direct transfer of hydrogen and that it 
has £ stereospecificity for the diphosphopyridine nucleotide. 
When acetoacetyl pantetheine was reduced enzymatically by 
reduced diphosphopyridine nucleotide in a medium of D,O, al- 
most 2 atoms of deuterium were introduced into the §-hy- 
droxybutyrate. This deuterium is thought to be introduced by 
enolization of acetoacetyl pantetheine, independently of the 
oxidation-reduction reaction. 
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Studies with Acetyl Coenzyme A and Condensing 
Enzyme in D,O* 
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Acetyl coenzyme A has been shown to undergo two apparently 
different types of enzymatic activation. It may, on the one 
hand, transfer its acyl group to a nucleophilic acceptor, in a 
reaction involving cleavage of the acetyl-S bond. The other 
reaction type involves an apparent displacement of one of the 
methyl hydrogen atoms. In the thiolase reaction (1) which 
involves the condensation of 2 molecules of acetyl-CoA to give 
acetoacetyl-CoA, as shown in Equation 1, each of the 2 substrate 


O O 


| 
CH,C—SCoA + CH,C—SCoA = ‘ 


| il 
CH, CCH:C—SCoA + HSCoA 


molecules undergoes one of the two different types of activation. 
In the reaction catalyzed by the “condensing enzyme” (2), i.e. 
the addition of acetyl-CoA to oxaloacetate to give citrate, as 
shown in Equation 2, the 1 molecule of acetyl-CoA undergoes 


oO O 


CH,C—SCoA + COOH—CH:—C—COOH — 
OH (2) 


COOH—CH:.—C—COOH + HSCoA 


CH.COOH 


both types of activation. It is cleaved at the acyl-S bond and 
condenses with oxaloacetate at the methyl position. The sugges- 
tion has been made that a tautomerization to an enolate, as 
shown in Equation 3, precedes the condensation reaction (3, 4). 
This suggestion is in accord with chemical studies which have 


oO o- 
| | (3) 
CH;C—SCoA = CH.—=C—SCoA + H* 


shown that the hydrogen on the a-carbon atom of the acyl 
group is more acidic in acyl thiolesters than in ordinary acyl 
esters (5-7). 


* This investigation was supported in part by research grants 
from the National Science Foundation, Washington, D. C. and 
from the National Institute of Arthritis and Metabolic Diseases 
(No. A891) of the National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland. 

+t Postdoctoral Fellow, United States Public Health Service, 
1956-1958. 


The work presented here involves a study of the tautomeriza- 
tion of acetyl thiolesters with the use of DO. The results 
show that the spontaneous tautomerization of acetyl-CoA is 
slow, and that the condensing enzyme does not catalyze a rapid 
tautomerization of acetyl-CoA in the absence of oxaloacetate. 


MATERIALS AND METHODS 


Substrates and Enzymes—Acetyl-CoA was prepared according 
to Simon and Shemin (8). It was determined by spectrophoto- 
metric measurement of the amount of DPN reduced in the 
presence of malate, malic dehydrogenase, and condensing 
enzyme (9), as well as by acetylation of p-nitroaniline (10). 
Acetyl glutathione was prepared according to Kielley and 
Bradley (11) and determined spectrophotometrically at 232 my, 
and colorimetrically by the hydroxamic acid reaction (12) with 
crystalline acethydroxamic acid as a standard (13). 

Acetyl glutathione thiolesterase was purified 12- to 15-fold 
from beef liver acetone powder. The procedure used to assay 
this enzyme was similar to that of Kielley and Bradley (11) 
except that Tris! buffer was substituted for phosphate because 
the rate of hydrolysis in Tris was found to be twice the rate of 
hydrolysis in phosphate. The purification procedure involved 
extraction of the acetone powder with 0.02 m NaHCO; and 
precipitation of the activity by addition of acetone to a final 
concentration of 52 per cent by volume. The precipitate was 
taken up in 0.02 m NaHCOs, and the solution was held at 55° 
for 3 minutes and cleared by centrifugation. Inactive material 
was removed by protamine precipitation, and dialysis. The 
final preparation had a specific activity of 1.5 uwmoles/minute/ 
mg. of protein. 

Condensing enzyme was partially purified by a procedure 
based on that of Ochoa et al. (2). Both the precipitate and the 
supernatant fluid obtained at pH 5.5 were fractionated separately 
with ethanol (0 to 30 per cent) and (NH,)2SO, (40 to 60 per 
cent). Fraction I, obtained from the supernatant fluid, had a 
specific activity of 16 (umoles per 10 minutes per mg. of protein) 
and was contaminated with a trace of thiolase as determined 
spectrophotometrically with acetoacetyl pantetheine as sub- 
strate (14). Fraction II, prepared from the precipitate, had a 
specific activity of 4.2 and was free of thiolase. Both fractions 
were devoid of acetyl CoA deacylase activity. Assays for the 
condensing enzyme were carried out according to the procedure 
of Ochoa et al. (2), by measuring the rate of disappearance of 
acetyl phosphate from a system containing transacetylase, 
acetyl phosphate, CoA, and oxaloacetate. The results were cor- 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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rected by a control in which oxaloacetate was omitted. Acetyl 
phosphate was prepared according to Avison (15). Protein 
determinations were carried out spectrophotometrically (16). 
An unfractionated extract made from dried cells of Clostridium 
kluyvertt (Worthington Biochemical Corporation) served as a 
source of transacetylase (17). 

Isolation of Acetate as p-Bromophenacyl Derivative—After 
hydrolysis of the acyl-S bond and addition of diluent acetate, 
the pH was brought below 2 with H.SQ,, and the solution was 
extracted continuously with ether for 3 hours. The ether 
extract containing the acetic acid was added to 5 ml. of water 
containing sufficient NaHCO; to neutralize the acid, which was 
extracted into the aqueous layer as acetate. 

The mixture was then dried by evaporation. To remove all 
traces of D,0, the residue was redissolved in H,O and again 
taken to dryness. This washing procedure was repeated. The 
dry residue was finally dissolved in 2 ml. of H,O and the acetate 
was converted to the p-bromophenacyl derivative (18), m.p. 
85°. Deuterium analyses were carried out as previously de- 


scribed (19). 


RESULTS AND DISCUSSION 


The purpose of the present experiments was to determine 
whether the condensing enzyme catalyzes a tautomerization of 
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acetyl-CoA (Equation 3) in the absence of its other substrate, 
oxaloacetate. Such tautomerization would result in the ap- 
parent exchange of the methyl hydrogen atoms of the acetyl 
group with the deuterium (D) of the medium when acetyl-CoA 
is incubated with the condensing enzyme in a medium of D.O. 
Before the experiments with condensing enzyme were attempted, 
control experiments were carried out to determine the extent to 
which D might be incorporated nonenzymatically into the 
acetyl moiety of acetyl thiolesters during incubation and hy- 
drolysis in D.O. The basic procedure, both in the control 
experiments, and in the experiments with condensing enzyme, 
involved incubation of acetyl thiolesters in DO, hydrolysis to 
acetate, isolation of the acetate as the p-bromophenacy] deriva- 
tive, and determination of its D content. The data from all 
the pertinent experiments are summarized in Table I. 

The first two experiments were controls in which acetyl 
glutathione was incubated in D,O for 15 minutes. In Experi- 
ment 1, acetate was isolated after enzymatic hydrolysis. Ex- 
periment 2 was identical except that alkaline hydrolysis was 
employed. The results show that these procedures involved 
the incorporation of only 0.02 atom of excess D per molecule in 
the first case, and 0.06 atom of excess D per molecule in the 
second case. Thus there is only a neglibible nonenzymatic 
incorporation of D into the methyl group of acetate under the 


TaBLe [| 
Exchange of D into acetate 


Ezperiment 1—21.1 umoles of acetyl glutathione and 120 zmoles of Tris buffer at pH 7.4 were incubated for 15 minutes at room tem- 
perature in 2.5 ml. of 99 percent D.O. 2.1 mg. of thiolesterase were added. After 12 minutes, 886 umoles of sodium acetate were added, 


and the enzyme was inactivated by heating for 1.5 minutes at 100°. 


To determine the rate of the hydrolysis by thiolesterase, a similar 


mixture was incubated in HO. Aliquots were removed at intervals after addition of enzyme and analyzed by the hydroxamate re- 


action (12). 


The rate of hydrolysis was first order with respect to substrate, with less than 2 per cent remaining after 10 minutes. 


Experiment 2—25.0 umoles of acetyl glutathione and 120 umoles of Tris buffer at pH 7.4 were incubated for 15 minutes in 3.0 ml. of 
D.0O at room temperature. To hydrolyze the thiolester, 0.2 ml. of 3.3 n KOH was added, and the solution was reincubated for 10 min- 


utes. 1085 wmoles of sodium acetate were added as diluent. 


Experiment 3—5.4 umoles of acetyl-CoA, 120 umoles of Tris buffer at pH 7.4, and 7.0 mg. of condensing enzyme (Fraction II) were 
incubated for 40 minutes at room temperature in 4.5 ml. of 80 per cent D.O. The acetate was isolated after alkaline hydrolysis and 


addition of 580 umoles of diluent. 


Experiment 4—10.1 umoles of acetyl-CoA (brought to a pH of 7.4 by addition of NaHCO;) and 3.3 mg. of condensing enzyme (Frac- 


tion I) were incubated in 3.3 ml. 90 per cent D.O at room temperature for 40 minutes. 


in Experiment 2, and 450 umoles of acetate were added as diluent. 


The thiolester was hydrolyzed with alkali as 


Experiment 5—74.8 umoles of acetyl phosphate, 0.5 umoles of CoA, 10 umoles of glutathione, 4 umoles of MgCle, 88 units of trans- 
acetylase (3.4 mg. of protein) and 3.3 mg. of condensing enzyme (Fraction I) were incubated in 4.3 ml. of 85 per cent D.O for 40 min- 
utes at 27°. At the end of the incubation, 58.3 zmoles of acetyl phosphate remained. The acetate was isolated after alkaline hydrol- 


ysis and analyzed for D after addition of 536 umoles of unlabeled diluent. 


were considered to be diluent. 


The 16.5 umoles of acetate hydrolyzed during the incubation 
































Acetate 
~~ Substrate Treatment Atom D per molecule 
Atom % excess D Dilution factor 
Found Corrected 
1 Acetyl glutathione Enzymatic hydrolysis 0.005 42.7 0.02 
2 Acetyl] glutathione Alkaline hydrolysis 0.016 44.4 0.06 
3 Acetyl-CoA Condensing enzyme 0.004 110 0.04 0.05* 
(It) 
4 Acetyl-CoA Condensing enzyme (I) 0.029 45.9 0.12 0.13* 
5 Acetyl phosphate and | Transacetylase, con- 0.470 10.4 0.44 0.51* 
CoA densing enzyme (I) 








* Corrected to 100 per cent DO. 


Theory for 1 atom of D per molecule of p-bromophenacyl acetate is 11.1 per cent. 
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conditions employed. These results are in accord with the 
results of previous experiments? which have shown that in- 
cubation and alkaline hydrolysis of 6-hydroxybutyryl pante- 
theine in D.O does not cause significant incorporation of D in a 
stable position of the 6-hydroxybutyrate. Furthermore, Rose 
(20) has demonstrated that lactoyl glutathione under similar 
conditions does not incorporate appreciable amounts of tritium 
from a medium of TOH. 

Experiments 3 to 5 were all carried out with condensing 
enzyme in sufficient amount to cause an incorporation of almost 
3 atoms of D into acetate if the enzyme caused a reversible 
tautomerization of acetyl-CoA (Equation 3) at a rate about 
equal to the rate of the formation of citrate from acetyl-CoA 
and oxaloacetate. The critical experiments were Experiments 3 
and 4 in which acetyl-CoA was incubated in D,O with con- 
densing enzyme. The acetate isolated in Experiment 3 had 
acquired only 0.05 atom of excess D per molecule, the same 
amount as was formed in the control (Experiment 2). The 
acetate isolated in Experiment 4 contained 0.07 atom of excess 
D (when corrected for the control value of Experiment 2). 
The amount of enzyme added in these experiments could have 
converted the 5.4 umoles of acetyl-CoA in Experiment 3 and the 
10.0 pmoles of acetyl-CoA in Experiment 4 to citrate in about 1 
and 2 minutes, respectively, if oxaloacetate had been added. 
The actual incubation time employed was 40 minutes. Thus, 
even a relatively slow catalysis of the tautomerization (Equa- 
tion 3) could have been detected had it taken place. 

The small amount of excess D incorporation observed in 
Experiment 4 is most probably due to thiolase, a contaminant 
which was absent from the enzyme preparation used for Experi- 
ment 3 (see “Materials and Methods’). This possibility is 
strengthened by the result obtained in Experiment 5, which was 
identical to Experiment 4, except that acetyl phosphate, trans- 
acetylase and CoA were added in place of acetyl-CoA. In this 
experiment, 0.51 atoms of D per molecule were found in the 
acetyl phosphate. The enzyme components of the reaction 
mixtures of Experiments 4 and 5 were the same except that an 
excess of transacetylase in the form of an extract of Cl. kluyverii 
was added in Experiment 5, in addition to the condensing 
enzyme. Since the Cl. kluyverii extract contained little or no 
condensing enzyme, it was obvious that the D incorporation 
observed in Experiment 5 could not have been caused by con- 
densing enzyme. Subsequent assay showed that the Cl. kluyverii 
extract added had at least 10 times as much thiolase as did the 
condensing enzyme preparation (1). Since the thiolase reaction 
(Equation 2) is reversible, this enzyme must necessarily cause 
an incorporation of D into acetyl-CoA. It is, therefore, reason- 
able to attribute the small D incorporation observed in Experi- 
ment 4 to thiolase. One may note that the results of Experi- 
ment 5 show that excess D incorporated into acetate is not lost 
by exchange during the isolation procedure, a finding consistent 
with earlier observations. 

The lack of tautomerization of acetyl-CoA by condensing 


2 Submitted for publication to The Journal of Biological Chem- 
istry by A. Marcus, B. Vennesland, and J. R. Stern. 
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enzyme (in the absence of oxaloacetate) is in contrast to the 
results obtained with aldolase (21, 22) which has been shown to 
cause a rapid incorporation of tritium from a medium of TOH 
into dihydroxyacetone phosphate in the absence of 3-phos- 
phoglyceraldehyde. The failure of the condensing enzyme to 
cause an analogous tautomerization is in accord with the results 
of studies in vivo with trideuteroacetate made by Sonderhoff 
and Thomas in 1937 (23). In these experiments, citrate formed 
from the labeled acetate by respiring yeast cells contained the 
maximum amount of D theoretically possible, as calculated from 
present knowledge of the reaction sequence involved. This 
calculation is made from the reported D content of the acetate 
used and of the succinate which was also isolated from the 
yeast cells. The D content of the nonexchangeable hydrogen of 
the acetate, citrate, and succinate were 86 per cent, 55.8 per 
cent, and 40.6 per cent, respectively. Of the 4 nonexchangeable 
hydrogen atoms of citrate, only 1 can be derived from succinate, 
2 from acetate and 1 must of necessity be derived from the 
medium (which had an excess D content so low that it can be 
neglected here). If the values for the D content of the 4 atoms 
of nonexchangeable H of citrate are averaged, a D content of 53 
per cent is found, in agreement with the 56 per cent reported. 
Even if the succinate contained as much D as the acetate (an 
assumption entirely incompatible with known reaction paths), 
the D content of the citrate could not exceed 64.5 per cent. 
Thus the results obtained in vivo show that little if any D is lost 
from the methylene group furnished by acetate. A rapid 
tautomerization of acetyl-CoA under conditions in vivo is thus 
excluded. 

The results of Sonderhoff and Thomas also exclude any 
extensive tautomerization (i.e. enol — keto transformation) of 
oxaloacetate in vivo, since the occurrence of such a reaction before 
the condensation of oxaloacetate with acetyl-CoA would result in 
the absence of label in one of the methylene groups of citrate, 
with the result that the nonexchangeable hydrogen in citrate 
would contain only half as much D (i.e. 43 per cent) as in acetate. 
The amount of D found in citrate (55.8 per cent) was well over 
43 per cent. 

SUMMARY 


The incubation of acetyl coenzyme A in D,O in the presence 
of condensing enzyme does not result in any incorporation of D 
into the methyl group of the acetate. This shows that the 
condensing enzyme does not cause an enolization of acetyl 
coenzyme A in the absence of oxaloacetate. 


Acknowledgment—The authors wish to acknowledge the 
valuable suggestions of Dr. J. R. Stern of Western Reserve 
University, Cleveland, Ohio. 


ADDENDUM 


Since this paper was submitted for publication, we have 
learned that similar experiments, with tritium as a tracer, have 
been carried out independently by Jose Bove, R. O. Martin, P. 
K. Stumpf, and L. L. Ingraham (Berkeley, California), and that 
they have reached the same conclusions. 
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Extracts of pineapple stem tissue constitute the most potent 
known source of indoleacetic acid oxidase, despite the presence 
of an inhibitor which is difficult to remove without simultane- 
ously removing some other factor necessary for maximal activity 
(1). Dialysis invariably lowers the enzyme activity as com- 
pared with photolysis, and even prolonged photolysis is never 
completely effective in removing the naturally occurring inhibi- 
tor from the enzyme extract. 

Since the inhibitor was presumed to be a polyphenol, and since 
the enzyme extracts were rich in both peroxidase and catalase, 
the addition of hydrogen peroxide was tried as a means of de- 
stroying the inhibitor in pineapple indoleacetic acid oxidase prep- 
arations. The phenolic compounds were indeed oxidized, but 
the resulting enzyme preparation was devoid of indoleacetic acid 
oxidase activity despite the rapid and complete disappearance of 
peroxide from the solution. Addition of small amounts of boiled 
extract restored activity, demonstrating that the tissue con- 
tained an essential cofactor as well as the enzyme inhibitor for 
the indoleacetic acid oxidase. Subsequent work has shown that 
two different cinnamic acid derivatives were involved as modi- 
fiers of the enzyme (2). This paper will present evidence that 
one of these naturally occurring cinnamic acid derivatives, either 
p-coumaric acid or the more prevalent depside of p-coumaric 
acid and quinic acid found in the tissues (3), is a coenzyme for 
pineapple indoleacetic acid oxidase. 

Knowledge of the coenzyme requirement has made possible 
the full activation of the enzyme system and thus the study of 
enzyme inhibitors. A previous report (2) has given evidence 
that a derivative of ferulic acid is the naturally occurring inhib- 
itor of pineapple indoleacetic acid oxidase. This paper will 
present evidence on the inhibitory action of ferulic acid and 
related compounds. 


METHODS 


The technique for preparation of enzyme extracts of vegeta- 
tive pineapple stems or leaf base tissue and the assay method 
for the indoleacetic acid oxidase were as previously described (1). 
One part of fresh tissue was blended with 1.5 parts of water, and 
the resulting homogenate was filtered to give the crude enzyme 
solution. Indoleacetic acid oxidase activity was measured by 
the Salkowski reaction after a 10 minute reaction period with 
the acid. The solution was 0.005 m with respect to MnCl:, and 
a 2 ml. volume of reaction mixture was used. Re-evaluation of 
the pH response curve has shown that the optimal activity of 


* Published with the approval of the Director as Technical 
Paper No. 250 of the Pineapple Research Institute of Hawaii. 


the enzyme occurs at approximately pH 4.0 rather than at pH 
3.25 as used heretofore, with the manganese requirement the 
same at either pH. Most of the data in the present paper were 
obtained at the higher pH for the oxidase assay. 

Care to prevent trace contamination with copper was neces- 
sary, since even 0.25 p.p.m. of Cu*+* caused as much as 50 per 
cent inhibition of the indoleacetic acid oxidase. 

To prepare the apoenzyme free from both inhibitor and coen- 
zyme, 100 parts of the aqueous extract were treated twice with 
5 parts of 0.1 m H,O2, with an interval of 15 minutes between 
the two additions of H.O.. The mixture was then held under 
refrigeration for at least an hour before use to insure complete 
disappearance of excess H,O, by catalase activity. Such solu- 
tions invariably gave a negative test for peroxide. 

In the study of enzyme inhibitors, near maximal activation of 
the enzyme was first achieved by addition of p-coumarie acid to 
the system. 


RESULTS AND DISCUSSION 


Effect of p-Coumaric Acid on Enzyme Activity—Enzyme prep- 
arations freed from cofactor have little or no activity, but with 
added p-coumaric acid, indoleacetic acid oxidation is very pro- 
nounced. As little as 3 ul. of enzyme extract, equivalent to 1.2 
mg. of fresh stem tissue and containing only 4.7 y of protein, 
are able to oxidize 150 y of indoleacetic acid in 10 minutes when 
100 y of p-coumaric acid are present along with 200 y of sub- 
strate. It might be noted that this activity is far greater than 
that reported earlier (1) for photolyzed extracts. Approximately 
100 ul. of photolyzed (but not H,O,.-treated) extract were re- 
quired to oxidize as much indoleacetic acid under similar condi- 
tions. 

The response curve for added p-coumaric acid shows a linear 
relationship when the data are plotted as reciprocals of the reac- 
tion rate (y of indoleacetic acid destroyed in 10 minutes) against 
+ of p-coumaric acid added (Fig. 1). The relationship holds for 
a wide range of enzyme levels. 

The data thus suggest a mass action equilibrium involving 1 
molecule of the enzyme apoprotein and 1 molecule of p-coumaric 
acid or its naturally occurring ester as a coenzyme, 


E+C2eE-C 
for which one can formulate the dissociation constant, 


(E)(C) 


K = EO) 


Thus, at constant reaction rate ((EC) constant), the free coen- 
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Fig. 1. Reciprocal plot of indoleacetic acid destruction as a 
function of p-coumaric acid content of the solution with different 
amounts of apoenzyme. The substrate level was constant at 200 
y of indoleacetic acid. There was no indoleacetic acid destruc- 
tion by 10 yl. of apoenzyme in the absence of p-coumaric acid. 
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Fig. 2. Logarithmic relationship of enzyme protein and p-cou- 
maric acid at a constant rate of destruction of indoleacetic acid. 
The substrate level was constant at 200 y of indoleacetic acid. 


zyme and apoenzyme should have a linear inverse relationship 
on a double-log plot. This is observed in Fig. 2, where the 
added enzyme and coenzyme are plotted. At very low levels of 
enzyme, the free protein is not approximated by the level of 
added enzyme solution and accordingly the points do not fall on 
the line; a level of 2 wl. enzyme solution failed to destroy 100 y 
of indoleacetic acid even when 70 y of p-coumaric acid were 
present. 

In the absence of purified enzyme apoprotein to establish en- 
zyme units, the data in Fig. 2 offer a means of assaying enzyme 
extracts of plant tissue for relative indoleacetic acid oxidase 
activity; e.g. by determining the amount of enzyme solution 
required to effect oxidation of 100 y of indoleacetic acid when 
5 y of p-coumaric acid are added. 
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Fia. 3. Reciprocal plot to show competitive inhibition of in- 
doleacetic acid substrate by high levels of p-coumaric acid (C). 


Although the substrate and coenzyme obviously occupy differ- 
ent sites on the molecule for enzyme activity to be manifested, 
the p-coumaric acid also appears to be capable of attaching at 
the indoleacetic acid site and thus to be competitively inhibitory, 
although only at very high concentrations with respect to the 
enzyme. When minimal amounts of apoenzyme are present, 
very high levels of p-coumaric acid are inhibitory, and this 
inhibition can be reduced by raising the substrate level. A 
Lineweaver-Burk plot (Fig. 3) indicates this to be competitive 
inhibition at the substrate attachment site. 

Coenzyme Activity of Related Compounds—The naturally occur- 
ring quinyl-p-coumarate in pineapple tissue also is effective as 
a cofactor for the indoleacetic acid oxidase. This was readily 
demonstrable by enzyme assays in the presence of cut-out areas 
of chromatograms representing the various spots detectable by 
paper chromatography of boiled extract. Strong stimulation of 
H,0.-treated enzyme was obtained only from the purple fluorese- 
ing area of the coumarate. The compound has not been 
isolated in pure form by means other than separation on chro- 
matograms, and thus accurate assessment of the relative coen- 
zyme potency of the ester and free acid has not been possible. 

A number of compounds were tested for their ability to sub- 
stitute for p-coumaric acid as a cofactor in the pineapple in- 
doleacetic acid oxidase system. A comparison of activity could 
be made by determining the amount of the compound necessary 
to effect destruction of 100 y of indoleacetic acid under a stand- 
ard set of conditions. Data on active compounds are sum- 
marized in Table I. (Several of the compounds listed stimulated 
the destruction of as much as 50 y of indoleacetic acid but failed 
to stimulate the destruction of 100 y at any level.) 

The high potency of p-coumaric acid as a cofactor is shared 
by a-naphthol and 8-naphthol; all other compounds tested show 
appreciably less activity. It is evident that the enzyme does 
not have absolute specificity in its coenzyme requirement. 

A few generalizations on structures can be made. All of the 
compounds which show appreciable coenzyme activity are char- 
acterized by having a single free hydroxyl group on an aromatic 
ring. Most frequently, there is additional substitution para to 
the phenolic group. None of the compounds which show coen- 
zyme activity sufficient to stimulate destruction of indoleacetic 
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TaBLeE I TaBLe II 
“Coenzyme’’ activity of various compounds Inhibitory activity of various compounds 
Millie cromoles : —— Millimicromoles 
Compound pon nee Ds ery cid Compound required* in Other indoleacetic acid 
pineapple enzyme guile eos ca oxidase systemst 
jor 00 ray jor ty S 
p-Coumaric acid....... 20 . F +h 
I nl Chlorogenic acid....... 0.6 | Inhibits peas (11) 
a-Naphthol............. 20 Inhibits peas (4) Daphnetin............. 0.8 
8-Naphthol ........... 20 Inhibits peas (4) Medenesiiele asld... xcs. 2 
Vanillin......... aes 500 Caffeic acid............. 2 Inhibits peas (11), lu- 
p-Hydroxyhydrocin- pine (6) 
namic eee 100 : 3, 4-Dihydroxypheny]- 
2,4-Dichlorophenol. .... 300 No effect, Omphalia (7) heahien 0 2 Inhibits lupine (6), rice 
Stimulates peas (4), (10) . 
reeshignedy ie ee 3 Inhibits wheat (9), lu- 
re 400 Inhibits peas (8), wheat pine (6) 
(9) Pyrogallol............. 3 Inhibits wheat (9), lu- 
p-Hydroxyphenylacetic pine (6) 
acid... ............ 500 . . OL eee 5 
Phenol................ 700 Stimulates rice (10), pydroquinone........ 5 Inhibits wheat (9), lu- 
pone <6) pine (6) 
P “Hydroxy phenylpyru- 5-Hydroxytryptophan. .. 5 
WORMS Se hcicresuays os 700t p-Quinone.............. 6 
7-Hydroxycoumarin.... 900 Reitie 6 | 
Resorcinol.............. 2000 Stimulates wheat (9) 8-Hydroxytryptamine 
for 04 (serotonin)........... 10 
Forme Q008.. . 0.55.65: 10t 5-Hydroxy IAA......... 20 
Ss er 40t Inhibits rice (10), lu- Sinapic acid.......... 30 
| pine (6) Ferulic acid........... 40t 
a ; ——  Homovanillic acid..... 50 
* Expressed as millimicromoles to effect destruction of 100y Guaiacol............... 80t Inhibits rice (10), lu- 
(and 50 y) of indoleacetic acid in 10 minutes by 40 ul. of H2O:- pine (6) 
treated indoleacetic acid oxidase solution in the presence of 2007 9 4 Dinitrophenol.... . 100 No effect on peas (4) 
of indoleacetic acid. Stimulates Lens (5) 
t Reference citation in parentheses. Scopoletin.............. 20004 Inhibits peas (8), wheat 
t Inhibitory activity also manifested by this compound, but (9) 
not by the others. p-Hydroxyphenylpyru- 
x RR eee 4000 
acid by 100 y has appreciable inhibitory activity when the en- 8-Hydroxyethylhydra- 
zyme is activated with p-coumaric acid (Table II). My ie Ko50ce4s 5000 
Most of the large variety of compounds tested had little or no | Maleic hydrazide... .. 6000 
coenzyme activity (Tables II and III) despite a close structural Tryptophan.......... sono 
relationship to some of the active materials, further illustrating ashedid 
the structural specificity of the cofactor. For example, o-cou- 4-Hydroxycoumarin. . .. 90 


maric acid is without activity on pineapple indoleacetic acid 
oxidase. 

For the indoleacetic acid oxidases of other plants, these phe- 
nolic compounds have varied activities (Table I). Thus a-naph- 
thol and 6-naphthol, with powerful coenzyme activity for the 
pineapple enzyme, are inhibitors for the analogous enzyme in 
peas. 

Effect of Ferulic Acid on Enzyme Activity—The pronounced 
inhibitory effect of ferulic acid on the active pineapple indole- 
acetic acid oxidase system is seen in Fig. 4. It is also evident 
that where inadequate cofactor (p-coumaric acid) is present, low 
levels of ferulic acid may actually be stimulatory. However, in 
no case does ferulic acid activate the indoleacetic acid oxidase to 
anywhere near the activity effected by p-coumaric acid. Higher 
levels of ferulic acid are invariably inhibitory. 

The ability of ferulic acid to suppress indoleacetic acid oxida- 
tion by the enzyme is not only dependent on the amount of 
p-coumaric acid present but also on the indoleacetic acid sub- 
strate level. There is evidence that the ferulic acid inhibition 











* Expressed as millimicromoles to lower indoleacetic acid de- 
struction by 100 y (and 50 y) with 10 ul. of H.O,-treated indole- 
acetic acid oxidase solution, 12 y of p-coumaric acid, 200 y of 
indoleacetic acid, and a 10 minute reaction period. 

+ Reference citation in parentheses. 

t Coenzyme (stimulator) activity also manifested by this com- 
pound, but not by the others. 


may occur because of competition with either the substrate 
(indoleacetic acid) or the coenzyme (p-coumaric acid). An at- 
tempt to isolate these two effects for kinetic analysis is shown 
in Figs. 5 and 6. Other attempts have been less clear-cut. 
Where apoenzyme is limited but coenzyme is present in ap- 
preciable quantities, the ferulic acid may be expected to compete 
primarily with the substrate. This is indeed observed (Fig. 5), 
and suggests that the ferulic acid and indoleacetic acid may 
compete for the same site on the enzyme molecule. At lower 
levels of substrate, moderate amounts of ferulic acid inhibited 
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Taste III 
Compounds showing essentially no inhibitor or coenzyme activity 





Pineapple Indoleacetic Acid Oxidase 


Vol. 233, No. 3 





Coumarins 


| Cinnamic derivatives 





Methy] umbelliferone 
Coumarin 

6-Methyl coumarin 
3-Methyl coumarin 


Cinnamic acid 

o-Coumaric acid 
3,4-Methylenedioxycinnamic acid 
3,4-Dimethoxycinnamic acid 





Coumarin-3-carboxylic acid 
5,7-Dihydroxy-4-methy] cou- 
marin 


2,3-Dimethoxycinnamic acid 
2,4-Dimethoxycinnamic acid 
3,4,5-Trimethoxycinnamic acid 
2,4-Dimethylhydrocinnamic acid 





Other phenol derivatives Miscellaneous 





p-Hydroxybenzaldehyde 2,4-Dichlorophenoxyacetic acid 


























Salicylaldehyde a-Naphthylacetic acid 
Phloroglucinol a-Naphthylearbinol 
Salicylic acid Gibberellic acid 
Tyrosine Kinetin 
Tryptamine 
Benzoic acid 
8-Hydroxyquinoline 
Quinic acid 
Shikimic acid 
Malic acid 
125 ' ' T 
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Fig. 4. Effect of added ferulic acid on activity of indoleacetic 
acid oxidase before and after activation with p-coumaric acid. 


the enzyme more than would be expected from the data in Fig. 
5. At lower levels of p-coumaric acid, inhibition by ferulic acid 
at different substrate levels did not conform to simple competi- 
tive inhibition kinetics, perhaps owing to an ability of the in- 
hibitor to compete simultaneously with the substrate and with 
the coenzyme. 

Where the substrate is present in appreciable quantities and 
the coenzyme is limited, the ferulic acid may be expected to 
compete primarily with the coenzyme. This situation is illus- 
trated in Fig. 6. Evidence for competitive inhibition was lack- 
ing if the concentration of p-coumaric acid was outside of a 
relatively narrow range or if the concentration of ferulic acid 
was too high (16 y, Fig. 6). 
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Fic. 5. Reciprocal plot to show competitive inhibition of in- 
doleacetic acid substrate by ferulic acid (F), in which p-coumaric 
acid is present at a high level. Each point represents the average 
for 2 or 3 experiments. 
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Fig. 6. Reciprocal plot to show competitive inhibition of p-cou- 
maric acid coenzyme by ferulic acid (F), in which indoleacetic acid 
is present at a high level. 


Interactions in Activation and Inhibition of Enzyme—The data 
reported above on the multiple effects of p-coumaric acid, ferulic 
acid, and indoleacetic acid in combination with the apoprotein 
of pineapple indoleacetic acid oxidase indicate that a complicated 
series of equilibria are involved in the naturally occurring mix- 
ture of these several components. The observed interactions 
are brought together into a hypothetical scheme in Fig. 7. 

It is inferred that there are two adsorption sites on the enzyme 
apoprotein, a particular one of which must be occupied by the 
indoleacetic acid substrate and the other by the phenolic cofactor 
for oxidation to take place. It is also suggested that the p-cou- 
maric acid cofactor as well as the natural ferulic acid inhibitor 
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may attach at either site on the protein, though with differing 
affinities. Such attachments lead to inactive combinations. 

In brief, the postulated scheme has had to include the obser- 
vations that: p-coumaric acid is a very efficient cofactor for the 
enzyme (Fig. 1); at very high levels, p-coumaric acid inhibits, 
with higher indoleacetic acid levels reducing this inhibition (Fig. 
3); ferulic acid can inefficiently serve as a cofactor for the en- 
zyme in the absence of p-coumaric acid (Fig. 4); ferulic acid soon 
starts to inhibit, and is immediately inhibitory in the presence 
of adequate p-coumaric acid (Fig. 4); raising the indoleacetic 
acid level reduces this ferulic acid inhibition (Fig. 5); raising the 
p-coumaric acid level within a certain range also lowers the in- 
hibition from a given amount of ferulic acid (Fig. 6). 

Inhibitory Activity of Related Compounds—In pineapple tissue, 
ferulic acid occurs largely in combination as an ester. That the 
ester is a strong inhibitor of indoleacetic acid oxidase was evident 
by paper chromatography of extracts followed by enzyme assays 
in the presence of cut-out areas of chromatograms where the 
ferulic ester was detected. However, since this natural com- 
pound has not been completely identified or otherwise obtained 
in pure form, the relative inhibitory activity cannot be accu- 
rately compared with that of free ferulic acid. 

Compounds which show some ability to inhibit the activated 
pineapple indoleacetic acid oxidase system are listed in Table 
II. Inhibitory activity is expressed as the amount of the com- 
pound which diminished the quantity of indoleacetic acid de- 
stroyed by 100 y under a standard set of conditions. (One 
compound listed lowered indoleacetic acid destruction by 50 7 
but failed to lower it by 100 y at any level.) 

Many compounds are much more potent than ferulic acid in 
inhibiting the indoleacetic acid oxidase system. Highest inhibi- 
tory activity is associated with compounds having an o-dihy- 
droxy group. All of the compounds with appreciable inhibitory 
activity have at least one free hydroxyl group on an aromatic 
ring ortho or para to another grouping. None of the compounds 
which show high inhibitory activity has appreciable coenzyme 
activity for the unactivated indoleacetic acid oxidase (Table I). 

Most of these phenolic compounds tested by other workers 
show similar inhibitory activity for the indoleacetic acid oxidases 
of other plants (Table II). An exception is 2,4-dinitrophenol, 
which inhibits the enzyme in pineapple, stimulates that in Lens 
culinaris, and is without effect in peas. 

A large number of compounds tested had little or no inhibitory 
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Fie. 7. Indicated interactions of p-coumaric acid (C), ferulic 
acid (F), and indoleacetic acid substrate (S) at two sites on the 
enzyme apoprotein (Z). Only the two circled combinations have 
activity in effecting oxidation of indoleacetic acid, i.e. with a 
phenolic cofactor at the upper point and the substrate at the 
lower point of attachment on the protein. Numbers in parenthe- 
ses refer to graphs which point to the reaction. 














activity (Tables I and III) despite a close structural relationship 
to some of the active materials. 


SUMMARY 

p-Coumaric acid or a quinyl-p-coumarate present in pineapple 
leaf and stem tissue serves as a coenzyme for pineapple indole- 
acetic acid oxidase. Solutions of apoenzyme may be prepared 
from crude enzyme extracts by peroxidative destruction of the 
accompanying polyphenolic substances. Evidence indicates 
that the p-coumaric acid is in mass action equilibrium with the 
enzyme protein. 

Ferulic acid, either free or as an ester occurring in pineapple 
tissue, has weak cofactor activity in the absence of p-coumaric 
acid but is a strong enzyme inhibitor of the activated indole- 
acetic acid oxidase system. 

Many phenolic compounds exhibit some degree of activity in 
substituting for p-coumaric acid as a cofactor for indoleacetic 
acid oxidase or in simulating ferulic acid as an inhibitor. How- 
ever, they do not commonly accompany the enzyme in pineapple 
tissue. 

A scheme reconciling the several activating and competitive 
interactions of indoleacetic acid, p-coumaric acid, and ferulic 
acid in the indoleacetic acid oxidase system is proposed. 
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Recent work has indicated that the reduced pyridine dinucleo- 
tide bound to liver alcohol dehydrogenase emits fluorescence 
energy of higher intensity and at a shorter wave length than the 
free coenzyme (1). For example, reduced diphosphopyridine 
nucleotide bound to liver alcohol dehydrogenase is found by 
Boyer and Theorell (1) to have the maximum of its fluorescence 
at about 440 my. Those experiments, based upon the binding 
of reduced pyridine nucleotide to the protein portions of purified 
dehydrogenases, afford a method for determining whether 
pyridine nucleotide is bound or free in complex enzyme systems. 
A suggestion that pyridine nucleotide of yeast cells may be in a 
bound form is afforded by a fluorescence spectrum obtained by 
Duysens and Amesz (2) in which a maximum of 443 my was 
found. This result is not unexpected, because the maximum 
of the 340 my absorption band is shifted to shorter wave lengths 
(325 my) in the intact cell (3, 4), presumably due to binding of 
pyridine nucleotide. On the other hand, the absorption maxi- 
mum of reduced pyridine nucleotide involved in oxidative 
phosphorylation in mitochondria has an absorption maximum 
at 340 my and thus gives no spectroscopic evidence for or against 
the binding of RPN! in the mitochondria. 

The fluorescence of RPN of mitochondria has not previously 
been investigated but could show binding of RPN due to (a) 
binding of pyridine nucleotide by the dehydrogenases of the 
Krebs cycle and by other dehydrogenases of the mitochondria 
and (6) binding to a cofactor of oxidative phosphorylation which, 
on the basis of spectroscopic experiments, has been postulated 
in order to explain the phenomenon of respiratory control. We 
report here preliminary experiments on the fluorescence of 
intramitochondrial pyridine nucleotide. 


EXPERIMENTAL 


Method—The experimental method has been developed by 
Ehrenberg and Theorell but has not yet been described by them. 


* These experiments were carried out during a visit of the senior 
author to Stockholm in October, 1957. Expenses were defrayed 
in part by the Federation of American Societies for Experimental 
Biology travel grant to International of Symposium for Enzyme 
Chemistry, Tokyo, 1957. Permanent address: Johnson Research 
Foundation, University of Pennsylvania School of Medicine, 
Philadelphia, Pennsylvania. 

t Permanent address: the Wenner-Grens Institute, University 
of Stockholm, Stockholm, Sweden. 

1The abbreviations used are: ADH, alcohol dehydrogenase; 
RPN, reduced pyridine nucleotide; ADP, adenosine diphosphate; 
DPNH, reduced diphosphopyridine nucleotide; and TPNH, re- 
duced triphosphopyridine nucleotide. 


It is sufficient here to say that fluorescence of a sample was 
excited by monochromatic light obtained by illumination of a 
250 mm. focus Bausch and Lomb grating monochromator, 
illuminated by an Osram Xenon arc lamp type XBO (300 watts). 
The lamp was operated from batteries in order to provide a 
stable light. The monochromatic light in the range of 330 to 
380 my was focused upon the face of a quartz cuvette which 
contained the sample. The fluorescent light from this face of 
the cuvette provided illumination for a Beckman type DK2 
spectrophotometer which was used to plot the energy spectrum 
of the fluorescence. The spectra presented here are corrected 
for the energy distribution of the exciting light (Fig. 1) and the 
response of the recording spectrofluorimeter (Figs. 2, 3, and 4). 
The spectral intervals used were about 10 mu. 

Preparation—Mitochondria were prepared from rat liver 
according to a modified method of Schneider (5), and similar to 
that of Lardy and Wellman (6). The mitochondria were 
suspended in the usual isotonic medium (7). Substrates or 
phosphate acceptor were added in the concentrations indicated 
in the figure legends. The temperature of the experiments was 
approximately 22°. 


RESULTS 


Excitation—Fig. 1 illustrates the excitation spectrum for a 
suspension of mitochondria treated with substrate so as to give 
State 4 (8). The maximum response of fluorescence energy is 
obtained when the excitation wave length is about 345 my as 
indicated by the graph to which appropriate corrections for the 
emissivity of the light source have been applied. This result 
agrees sufficiently well with the maximum of RPN absorption at 
340 mu. 

Fluorescence—Spectra of the light emitted from the mito- 
chondrial sample for three different excitation wave lengths are 
indicated in Fig. 2. Again the mitochondria are in State 4 in 
which intramitochondrial pyridine nucleotide is nearly maximally 
reduced. The fluorescence energy spectra are then plotted for 
the three excitation wave lengths. The sensitivity of the instru- 
ment is readjusted for each curve so as to give traces of approxi- 
mately the same maxima in the fluorescence spectrum. Excita- 
tion at 380 my gives relatively higher fluorescence energy in the 
region of 500 mu, presumably due to flavin. Nevertheless, this 
contribution is extremely small. The three records, corrected 
for the wave length dependent sensitivity of the photomultiplier, 
clearly show a maximum of the fluorescence energy distribution 
near 440 mu. 

If, instead of treating the mitochondria with substrate, ADP 
is added, most of the RPN is oxidized and does not fluoresce. 
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Fig. 1. Excitation spectrum for RPN of mitochondria diluted 
10-fold in phosphorylating medium and supplied with succinate 
as substrate (~4 mg. of protein/cc.). The intensity of the fluores- 
cence is read at a wave length of 452 my and the wave length of 
the excitation energy is varied over the wave length regions 330 
to 380 my. The response is corrected for variations in the energy 
of the exciting radiation (Experiment 777). 
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Fig. 2. Spectra of fluorescence of RPN of mitochondria in State 
4 for three values of excitation. Mitochondria are diluted 10-fold 
in phosphorylation reaction medium, and the pyridine nucleotide 
is reduced by the addition of succinate (4 mm). The three 
traces are replotted so as to give approximately the same ampli- 
tude. The curves are corrected for sensitivity variations of the 


recording spectrophotometer. Note the nonlinear wave length 
scale. 


Thus an opportunity is afforded for examination of other fluores- 
cent substances in the mitochondria (Fig. 3). The longer 
excitation wave lengths give increased fluorescence, near 500 
my, and this may be attributed to flavin. So far, there is no 
clear indication that the absolute value of the 500 my fluorescence 
changes with the oxidation state of the respiratory carriers, and 
it is probable that the flavoprotein of the respiratory chain does 
not contribute appreciably to the spectra. In the case of the 
curve for the 380 my excitation, the trace rises at the shorter 
wave lengths because the exciting light passes through the 
monochromator for analyzing the fluorescent light. It should 
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Fic. 3. Fluorescence spectrum of mitochondria in State 2. 
Mitochondria diluted 10 times in phosphorylating reaction me- 
dium and treated with ADP in order to oxidize most of the RPN. 
The spectra corresponding to three excitation wave lengths are 
included. The results obtained in this figure are amplified with 


respect to those of Fig. 2, and the relative magnitudes of the 
fluorescence intensities for the two states are indicated in Fig. 4. 


also be noted that the sensitivity of the instrument in recording 
the curves of Fig. 3 is considerably greater than that in recording 
the curves of Fig. 2 (compare the size of the State 2 and 4 traces 
of Fig. 4). 

Effect of ADP Concentration—In experiments in which spec- 
trophotometric methods were used to observe the kinetics of 
RPN in suspensions of mitochondria, several metabolic states 
have been defined, depending upon the presence of substrate 
and of phosphate acceptor (8). The fluorescence energy spectra 
for mitochondria in three of these metabolic states are illustrated 
by Fig. 4. State 4 corresponds to the conditions of Fig. 2 in 
which the mitochondria are treated with substrate but lack 
phosphate acceptor. Spectroscopic studies, which indicate that 
State 4 gives maximum pyridine nucleotide reduction aerobically, 
are confirmed by the fluorescence method which gives the highest 
intensity in State 4. Addition of ADP to the mitochondria in 
State 4 gives the actively phosphorylating State 3, in which the 
pyridine nucleotide has been found, in spectrophotometric 
studies, to be considerably oxidized. In accordance with this 
result, the State 3 trace of Fig. 4 shows less fluorescence. Treat- 
ment of the mitochondria with ADP in the absence of substrate 
gives the oxidized State 2 which, according to Fig. 4, shows 
considerably less fluorescence, characteristic of RPN. The 
exhaustion of endogenous substrate after ADP addition is a 
slow process and longer incubation gives even less fluorescence 
than that shown in Fig. 4. 

Kinetics—Fig. 5 illustrates the effect of adding ADP to 
mitochondria in State 4 in an experiment in which the exciting 
radiation has a wave length of 330 mu, and the fluorescence 
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Fig. 4. Fluorescence spectrum of mitochondria in three meta- 
bolic states. Mitochondria diluted 10-fold in phosphorylating 
medium. State 4 treated with succinate, State 3 treated with 
succinate and ADP (4 mm), State 2 treated with ADP only 
(1 mm). Excitation wave length 330 my. 


State 3 


hu =453my 





K— 25.0sec.> 


70 uM ADP 
Fig. 5. Kinetics of fluorescence change in mitochondria caused 
by addition of ADP (200 um). Mitochondria diluted 10-fold 
in phosphorylating medium. Fluorescence recording 453 my. 
The RPN in State 4 is partially oxidized by the addition of ADP 
and the oxidation lasts until ADP is exhausted. 


energy is measured at a wave length of 453 mu. The changes 
of fluorescence intensity are recorded as a function of time. 
The mitochondria, treated with succinate to reduce the pyridine 
nucleotide (9), show a fairly rapid decrease of fluorescence upon 
addition of 170 um ADP to give State 3. A steady state persists 
while the added ADP is being utilized, but when the added ADP 
is exhausted the fluorescence intensity increases, as is indicated 
by the drop of the trace to the level indicated by State 4. These 
kinetics confirm the spectroscopic result (8). 


DISCUSSION 


The position of the maxmum of the fluorescence energy peak 
of the mitochondria in State 4, together with the specific response 
of this fluorescence band to additions of ADP (State 4 to 3 
transition), gives strong support to the idea that the fluorescence 
of the mitochondria is caused by RPN, and that the RPN is 
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bound to a specific carrier. The extent to which the pyridine 
nucleotide is bound can be determined by a comparison of the 
shape of the emission spectrum of Fig. 4 (State 4) with that for 
DPNH bound to ADH (9). Using the ratios of the ordinates 
at 470 and 410 my in order to indicate sensitively any unbound 
pyridine nucleotide (cf. Fig. 1 of Reference 9), we find, to within 
the experimental error, the same values (D(470/410) = 1.4). 
Thus we can detect no unbound RPN in State 4. 

The fact that the oxidation of mitochondrial RPN by addi- 
tion of ADP and exhaustion of endogenous substrate causes 
nearly all of the 440 my fluorescence to disappear (State 2 of 
Fig. 4) shows that most of the bound RPN is associated with 
the respiratory chain. Just how much unbound RPN would 
be present in State 2 is difficult to ascertain, but an estimate on 
this point is of importance since such material would represent 
the amount of nonrespiratory DPNH or TPNH of the mito- 
chondria. As stated above, some bound RPN is still present 
as indicated in Fig. 4 (State 2) because of incomplete exhaustion 
of endogenous substrate, and the presence of this substance is 
verified by the 1.3-fold ratio of the ordinates at 440 and 410 
my. Even the shift of the peak to 450 my cannot be considered 
evidence for free RPN in State 2, because this shift is easily 
accounted for by flavoprotein fluorescence. Thus no detect- 
able “free”? RPN is present in the mitochondria when most 
of the “bound” RPN is oxidized in State 2. 

In the absence of data indicating that TPNH shows enhanced 
and shifted fluorescence upon binding to protein, as does DPNH, 
we may suggest that DPNH is the pyridine nucleotide predom- 
inating in these fluorimetric and spectrophotometric measure- 
ments, although further studies are necessary to reconcile these 
results with the analytical studies of Jacobsen (10), Glock and 
McLean (11), and Pressman and Lange (12) in which the TPNH 
is found to predominate over DPNH in extracts of the disrupted 
mitochondria. 

These are three general types of substances to which the RPN 
could be bound: (a) to the substrate dehydrogenase protein, 
(b) to the RPN dehydrogenase protein (flavoprotein), or (c) to 
a special component of the phosphorylation system. The fact 
that studies of the steady state and kinetics of the phosphory- 
lation reaction have led us already to the conclusion that RPN 
of the mitochondria is bound to an inhibitory Substance I 
now suggests possibility c as the simplest explanation of the 
fluorescence data. This hypothesis has the advantage that it 
is not dependent upon the ability of all the various dehydro- 
genases of the Krebs cycle to bind RPN according to a above 
or upon a localization of the RPN at the dehydrogenase (or 
RPN oxidase) to which it would be bound. Thus the fluo- 
rescent compound could be represented by RPN~I. On 
the other hand, concentrations of uncoupling agents sufficient 
to activate respiration and to cause oxidation of RPN do not 
prevent the increase of RPN fluorescence in anaerobiosis. Thus 
these preliminary studies indicate that the intensified fluores- 
cence may not require a high energy bond with the carrier (I) 
and the fluorescent configuration could be either RPN~I or 
RPN-I. As a consequence, the configuration that inhibits 
electron transfer is RPN~I and not RPN-I, i.e. Substance I 
can be bound to RPN in a low energy form without inhibit- 
ing its oxidation by flavoprotein. 

Changes in the binding of RPN can be detected not only by 
changes in the shape of the fluorescence energy spectrum, but 
also by the fact that the magnitude of the fluorescence response 
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is greatly affected by the extent of binding while the spectro- 
photometric response is not (13). This provides a basis for a 
sensitive and rapid method by which these three alternatives for 
RPN binding may be examined in detail (14). Work is in pro- 
gress to obtain a solution of the fluorescent material by disrup- 
tion of the mitochondria (15). 


SUMMARY 


The maximum of the fluorescence energy distribution of liver 
mitochondria illuminated with wave lengths in the region of the 
absorption peak of reduced pyridine nucleotide (RPN) suggests, 
by comparison with available data by others on reduced diphos- 
phopyridine nucleotide bound to liver and yeast enzymes (1, 2, 
16), that the RPN of mitochondria is similarly bound. The 
shape of the energy distribution further indicates that very nearly 
all of the fluorescence is caused by bound RPN when the mito- 
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chondria are in State 4. This fluorescence varies in intensity 
in the various states of the mitochondria in a manner qualita- 
tively similar to the variation of the oxidation-reduction state 
of RPN as measured spectrophotometrically, and very nearly 
disappears in State 2. The small residual fluorescence indicates 
that nearly all of the RPN in State 2 in the mitochondria is 
activated by the respiratory chain. Various hypotheses for the 
substance to which RPN is bound are considered, the simplest 
hypothesis, and one for which there is considerable independent 
support, being that the postulated energy conservation Com- 
ponent I may be responsible for the enhanced and shifted fluores- 
cence of intramitochondrial RPN. 


Acknowledgment—The authors wish to express their gratitude 
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their apparatus so as to permit a successful experiment and for 
their helpfulness in the course of the studies. 
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In a previous communication (1) the lipide content of a 
purified pig heart cytochrome oxidase preparation was reported. 
A preliminary qualitative analysis demonstrated the presence 
of a variety of phosphatides, notably lecithin and phosphatidyl- 
ethanolamine. This report deals with the quantitative analysis 
of the individual phosphatides which are present in the purified 
oxidase preparation. The phosphatide composition is markedly 
different from that of a purified pig heart cytochrome b-c, 
preparation (2). These findings support the concept that these 
cytochromes are distinct lipoproteins. 


METHODS AND REAGENTS 


The cytochrome oxidase was prepared by the method of 
Smith and Stotz (3). The lipides were extracted as described 
previously (1). Quantitative column and paper chromatography 
of the phosphatides, the procedure for lipide P analysis, and 
the detection methods for the phosphatides on chromatograms 
were carried out as reported earlier (2, 4). 


RESULTS AND DISCUSSION 


Diagrams which represent tracings of the original chroma- 
tograms of the phosphatides and nonphosphatides of the purified 
oxidase preparation are presented in Fig. 1. 

From a qualitative standpoint the following lipides were 
present: lecithin, phosphatidylethanolamine, phosphatidylserine, 
sphingomyelin, inositol phosphatides (two components), poly- 
glycerophosphatide (tentative identification), free cholesterol, 
triglycerides, free fatty acids, and other unidentified lipides. 
Lysophosphatides were, at most, trace constituents. 

The quantitative analysis of the individual phosphatides is 
presented in Table I. 

For sake of comparison the phosphatide composition of a 
purified cytochrome b-c; preparation (2) and pig heart ventricle 
mitochondria (5) are also included. The data demonstrate that 
lecithin and phosphatidylethanolamine are the major phos- 
phatides in each preparation, although the relative amounts of 
each vary. Phosphatidylserine occurred in considerably higher 
concentration in the oxidase preparation. Sphingomyelin was 
present in the oxidase and mitochondrial lipides but was only a 
trace constituent in the cytochrome b-c; preparation. On the 


* This work was supported in part by Grant No. H-2063 from the 
National Heart Institute, United States Public Health Service, 
and by the Life Insurance Medical Research Fund. 

+ This work was presented at the Symposium on Respiratory 
Enzymes during the 132nd meeting of the American Chemical So- 
ciety, New York, New York, September 1957. 


other hand, the lysophosphatides occurred in appreciable amount 
in the cytochrome 6-c,; preparation but were only trace con- 
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Fic. 1. Diagram of the chromatograms of the oxidase lipides. 
The diagram represents a tracing of the original chromatograms. 
Tracings A and B represent the chromatograms of the phospha- 
tides and nonphosphatides respectively. Chromatography was 
carried out on silicic acid-impregnated paper (4). The solvent 
system for the phosphatides was diisobutyl ketone-acetic acid- 
water, 40:25:5 (4). The solvent system for the nonphosphatides 
was n-heptane-diisobutyl ketone, 96:6. The lipides were detected 
by methods described elsewhere (4,14). The identification of the 
lipide spots is as follows: Spot A-O0 = nonspecific binding of trace 
amounts of all lipides at the point of application, A-1 = unidenti- 
fied, A-2 and A-3 = inositol phosphatides (tentative), A-4 = 
sphingomyelin, A-5 = lecithin, A-6 = phosphatidylserine, A-7 = 
phosphatidylethanolamine, A-8 = polyglycerophosphatide (ten- 
tative), A-9 = nonphosphatides, B-O0 = all the phosphatides, 
B-1 = monoglyceride (tentative), B-2 = free cholesterol, B-3 = 
free fatty acids, B-4 = triglycerides, and B-5 = unidentified lipide. 
The quantitative analysis of the phosphatides is given in Table 
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* Quantitative paper chromatography was carried out on silicic 
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TaBLe I 2b 1.~ CYTO. &-C,-FLORISIL THEN REDUCED 
Quantitative paper chromatographic analysis of r 
ao actieodiaaahannd one 2- OXIDASE -FLORISIL THEN REDUCED 
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Per cent of total lipide P ’ \ 
Phosphatide component 10 
Cytochrome |Cytochromet} Pig heartt 
oxidase b-c mitochondria 
Oe Se eee 33.4 29.3 36.2 
Phosphatidylethanolamine...... 19.6 18.0 25.3 | 
Phosphatidylserine............. 8.2 5.8 2.8 as 
Sphingomyelin................. 5.9 Trace 5.6 
RD Ss os ve eet eke Trace 12.8 Trace 
RII oe bons os cee Trace 10.6 Trace 
Inositol phosphatide........... 13.9 Trace 14.3 re} 06 
Polyglycerophosphatidet....... 13.6 14.9 13.3 $ 
Unidentified phosphatides...... 5.1 8.0 2.5 3 
°o 
77) 
@ 
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acid-impregnated paper and employed a solvent consisting of 
diisobutyl ketone-acetic acid-water, 40:25:5 (4). 

{ These analyses are reported elsewhere (2, 5) and are included 
here for sake of comparison. 

t The identification of this component is tentative and is based 
on previous evidence (6). 
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Fic. 2. Column chromatography of the oxidase phosphatides. 
The oxidase lipides (42.6 mg.) were chromatographed on 10 gm. of 
silicic acid and eluted with varying amounts of methanol in chlo- 
roform as given in the text. Fractions of 5 ml. volume were 
taken. ----, elution curve of the cytochrome b-c; preparation 
(2); it is included for sake of comparison. The analyses of the 
peak fractions of the oxidase lipides are given in Table II. 


stituents in the oxidase and mitochrondrial lipides. Moreover 
the oxidase and mitochondria contained approximately 14 per 
cent inositol phosphatide whereas the cytochrome b-c; prepara- 
tion contained only a very small amount of this lipide. A fast 
moving lipide having the properties of a polyglycerophosphatide 
(6) was present in all three preparations. However this phos- 
phatide fraction contained more than one component and was 
different in the oxidase preparation than in the cytochrome 
b-c, and mitochondria preparations. This was established by 
its different chromatographic mobility on a silicic acid column 
when eluted with chloroform-methanol. Thus, this fraction 
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Fic. 3. Ultraviolet absorption spectra of the florisil-eluted 
lipide fraction of the oxidase and cytochrome b-c,; preparations. 
A portion (15 to 30 mg.) of the total lipides of the oxidase and 
cytochrome b-c; preparations was dissolved in benzene and passed 
through 10 gm. of florisil as described by Eggitt and Ward (8). 
The benzene eluate (50 ml,) was evaporated to dryness in a vacuum 
under nitrogen. The lipides were reduced with vitamin C in al- 
cohol as described by Harrison et al. (9). The small lipide resi- 
due was then extracted into n-heptane and made to a volume of 
3to6ml. The ultraviolet spectra were determined on a Beck- 
man DU spectrophotometer. In the case of Spectrum No. 3, the 
oxidase lipides were first reduced with vitamin C and then passed 
through florisil. 


220 240 


(Fig. 1A, Spot 8) occurred in band A (Fig. 2) in the cytochrome 
b-c, preparation but in the case of the oxidase preparation a 
similar fraction (Fig. 14, Spot 8) was eluted with band C 
(Fig. 2). 

It is of particular interest that the polyglycerolphosphatide- 
like fraction occurs exclusively in the mitochondrial fraction of 
the cell,! and is very active in incorporating P®-labeled ortho- 
phosphate both in vivo (7) and in vitro (6). A possible role for 
this lipide in oxidative phosphorylation is currently under 
investigation in this laboratory.” 

In addition to the above mentioned differences in phosphatide 
composition between the oxidase and cytochrome b-c, prepara- 
tions, significant differences were also noted in the nonphos- 
phatide components. Thus cholesterol esters were present in 
the cytochrome 6-c; preparation but could not be detected in 


1 This finding was confirmed with pig heart ventricle and rat 
liver. 
? Unpublished data from this laboratory. 
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Column chromatography of the oxidase phosphatides* 
Tube No. Column fraction} Lipide P Lipide P 
ug. per cent 

10-18 A 4.2 0.49 
19-26 B 205.7 24.94 
27-36 ; 51.9 6.30 
37-44 C 223.2 27.05 
45-64 D 262.7 31.88 
68-82 E 77.0 9.34 

* See Fig. 2. 


+ The phosphatide components in each fraction were deter- 
mined by paper chromatography as described in Fig. 1. The 
following components were observed: Fraction A—unidentified 
trace constituent, Fraction B—phosphatidylethanolamine plus 
phosphatidylserine (Spots 6 and 7), Fraction C—inositol phos- 
phatides plus the polyglycerolphosphatide-like lipide (Spots 2, 3, 
and 8), Fraction D—lecithin (Spot 5), and Fraction E—sphingo- 
myelin (Spot 4) plus lecithin (Spot 5). 

t This includes the material which was eluted between Frac- 
tions B and C. 


the oxidase preparation. The oxidase preparation alone con- 
tained an unidentified lipide which had the same mobility as a 
long chain cholesterol ester (Fig. 1B, Spot 5) but which gave 
different color tests than cholesterol ester. Both cytochrome 
preparations contained free cholesterol, free fatty acids and 
neutral fat in varying amount. 

When the cytochrome lipides were dissolved in benzene and 
passed through florisil (8) a small fraction of the total lipides 
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was eluted. The ultraviolet absorption spectra of these lipides 
are given in Fig. 3. It is apparent that even after reduction 
with ascorbic acid according to the method of Harrison et al. (9) 
no peak for vitamin E at 296 my was visible. In addition, 
chemical and chromatographic analysis failed to detect vitamin 
E in the florisil-eluted and -reduced lipides. However, as is 
evident from the spectra, these lipides did possess absorption 
peaks at 232 my and 272 my. Although the identification of 
the compounds giving rise to these bands remains unknown, the 
position of the peaks suggests the presence of conjugated double 
bonds and a carbonyl group.2 Chromatographic analysis of the 
florisil-eluted lipides obtained from the cytochrome preparations 
revealed the presence of a number of nonphosphatides and in 
addition some lipide components which gave a positive test with 
the bipyridine-FeCl; reagent (8, 12) but which did not correspond 
to the tocopherols. Hence the presence of unique lipides in these 
fractions is indicated. It is of further interest that a lipide 
cofactor which is active in stimulating the enzymatic reduction 
of cytochrome c in an isooctane-extracted heart muscle system 
(13) is concentrated in this florisil-eluted fraction.‘ 


SUMMARY 


The phosphatide composition of a purified pig heart cyto- 
chrome oxidase preparation was determined by both quantita- 
tive paper and column chromatography. The major phospha- 
tides were lecithin and phosphatidylethanolamine. The other 
phosphatides were sphingomyelin, phosphatidylserine, inositol 
phosphatide, and other unidentified components. A comparison 
is made of the phosphatide composition of the oxidase prepara- 
tion, a purified cytochrome b-c; preparation, and pig heart mito- 
chrondria. 
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Hemoproteins have an important role in cellular biological 
oxidation and energy production, and the identification and study 
of their iron-tetrapyrrole prosthetic groups would appear to be 
useful in both characterizing and understanding the mechanism 
of action of these respiratory pigments. 

Hemoproteins can be divided into those in which the pros- 
thetic groups are tightly bound to the protein moiety and those 
in which they are weakly bound. The known hemoproteins of 
mammalian tissue which belong to the former group are cyto- 
chrome c (1, 2), verdoperoxidase (3-5), and lactoperoxidase (6, 
7). In the latter group are those hemoproteins whose pros- 
thetic groups are extractable by acidified acetone. 

Two of the iron-containing tetrapyrroles of this second hemo- 
protein group are found in easily detectable concentrations, 
namely protohemin and hemin a. Protohemin is the prosthetic 
group of hemoglobin and myoglobin (8), catalase (9, 10), and ap- 
parently of the cytochromes 6 (11-13) and 6; (14). Hemin a,' 
whose structure has not been established, has been investigated 
by several workers (12, 15-23). 

The only other two hemins which have been reported in mam- 
malian tissue are found in very low concentration. These com- 
pounds are cryptohemin a (16) and a protohemin ester (24). 
Cryptohemin a, a formyl-containing hemin, isconsidered by some 
authors (25) to be an artifact, while others (21, 26) believe that 
it may be a natural product. A protohemin ester has been ob- 
served in extracts of various mammalian tissues (27, 28). 

In most investigations of the prosthetic groups of hemopro- 
teins the hemins were first converted to the porphyrin form. 
This procedure was used because methods were already availa- 
ble for separating and identifying porphyrins. Furthermore, 
troublesome lipides which were extracted from tissue along with 
the hemins, could be separated more easily from porphyrin solu- 
tions. 

It is well known that the process of removing iron from hemin 
results in a number of products. Consequently, it is possible 
that hemins originally present in very low concentration may go 


* This research was supported, in part, by grants from the Life 
Insurance Medical Research Fund and Grant No. H1322, National 
Heart Institute of the National Institutes of Health, United States 
Public Health Service. 

+ Supported by a Senior Research Fellowship SF-47-C from the 
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1 In a previous publication (26) the two “‘a’”’ type hemins iso- 
lated, which were arbitrarily designated hemins a; and a2, were 
identified with cryptohemin a and hemin a or cytohemin (15), 
respectively. Recently the prosthetic group of cytochrome a2 
has also been called hemin a2 (29). In order to avoid confusion 
we will refer hereafter to our previous hemin a; as cryptohemin a 
and to our previous hemin a2 as hemin a. 


undetected. Separation of the native hemins would resolve this 
situation. However, until recently no adequate procedure for 
hemin separation has been available and all methods of separa- 
tion have been hampered by the presence of gross amounts of 
contaminating lipide which could not easily be removed. 

This paper will describe procedures designed to overcome these 
obstacles. A method is presented for preparing and purifying 
by chromatography the hemins of beef heart muscle which are 
extractable by acidified acetone and are soluble in chloroform. 
By the application of these methods seven hemin fractions can 
be isolated. Some of the chemical and spectral properties of 
these purified compounds will be presented. 


EXPERIMENTAL METHODS 


Isolation of Hemins 


Removal of Lipides—In order to study the efficiency of extrac- 
tion of lipides from tissue by organic solvents prior to the extrac- 
tion of hemins, 1 kilo of heart muscle, which had been ground 
and washed free of soluble proteins, was treated successively 
with 1 liter portions of chloroform-methanol (2:1) for 20 min- 
utes at room temperature. Aliquots of each extract were evap- 
orated to dryness and weighed. The total solids extracted in 
five successive extractions were 13, 5, 2, 1, and 0.7 gm. Thus 
five extractions remove the bulk of lipide-soluble material from 
the tissue. 

Extraction of Hemins—The effectiveness of extracting the 
hemins from the insoluble hemoproteins was studied with the 
use of acidified acetone that contained different amounts of wa- 
ter. 500 gm. of the above material, previously freed from most 
lipide by the extraction procedure, were treated with 500 ml. of 
acetone containing 9.0 ml. of 37 per cent hydrochloric acid. 
After 15 minutes of stirring, the extract was separated from the 
solid and the extraction repeated three more times. The same 
procedure was carried out on a second 500 gm. portion of material 
using 500 ml. of acetone containing 9.0 ml. of 37 per cent hy- 
drochloric acid and 50 ml. of water. Each of the extracts was 
assayed spectrophotometrically for its approximate hemin con- 
tent at 410 my. The combined extracts resulting from each type 
of solvent extraction were made alkaline with 15 n ammonium 
hydroxide and the resulting precipitates were recovered by cen- 
trifugation. The supernatant fluids were assayed for their 
hemin contents. Table I indicates the relative hemin contents 
of the acidified acetoneextracts. Although the acidified acetone 
containing additional water liberated more hemin in the first 
extraction, after four extractions there was less than a 2 per 
cent difference in the total amount of hemins extracted by the 
two procedures. It can be seen that the alkaline precipitation 
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TABLE I 
Effects of water on extraction of hemins from heart muscle mince 
Sample Acidified acetone (73 maine pie 
Units hemin* Units hemin* 

ist extraction............. 2790 3400 
2nd extraction............ 2450 2160 
3rd extraction............ 1026 900 
4th extraction............ 756 684 

Combined extracts...... 7022 7144 
Supernatant fluid......... 243 1682 
Alkaline precipitate....... 6779T 5462T 











* Units of hemin were calculated as the product of optical den- 
sity (400 my; 1 cm. light path) and the total volume in milliliters 
of the extract. 

t Calculated by difference. 


of the hemins is more complete when there is no added water 
present in the acidified acetone. 

Procedure Adopted for Isolation of Hemins—Fresh beef heart 
muscle from which the visible fat and connective tissue had been 
removed, was passed through a mechanical grinder twice and 
then weighed. A 1.5 kilo beef heart was generally found to 
yield about 1 kilo of mince. 1 kilo of muscle mince was then 
extracted three times with stirring at 2° for 1 hour with 1500 ml. 
of a 20 per cent sucrose solution containing 0.25 per cent saponin, 
in order to remove soluble protein. The extracts were separated 
from the insoluble residue by squeezing the slurry through shroud 
cloth. Finally, the tissue was washed twice with 1500 ml. por- 
tions of distilled water to remove the sucrose and the final traces 
of soluble pigment. 

The insoluble residue was extracted twice at room temperature 
using 1 liter portions of acetone for 20 minutes. The tissue was 
then extracted five times with chloroform-methanol (2:1, vol- 
ume for volume). Finally, the tissue was washed with 2 liters 
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Fig. 1. Chromatograph of hemins from heart muscle. The 
column was 2.5 cm. in diameter and contained 50 gm. of silicic 
acid. The eluant consisted of 0.75 per cent ethanol in chloroform. 
The alcohol content of the eluant was increased to 1.00 per cent 
after 230 ml. had passed through. 5 ml. fractions were collected 
and the absorbancy at 410 my was measured directly on these 
fractions. 
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The hemins were cleaved from the proteins by acetone con- 
taining 1.8 ml. of 37 per cent hydrochloric acid per 100 ml. of 
solution. Four 15 minute extractions, each using 1 liter of solu- 
tion, were employed. 15 N ammonium hydroxide (approxi- 
mately 20 ml.) was added with stirring to the combined ex- 
tracts until the red-brown color of the ferriporphyrin chloride 
solution was replaced with an olive-green ferriporphyrin hy- 
droxide precipitate. The precipitate was allowed to settle at 
4° for 3 hour. The clear supernatant fluid was decanted and 
the precipitate was recovered by centrifugation. The precipi- 
tate was washed twice in the centrifuge bottle with 100 ml. of 
acetone containing 0.1 ml. of 5 nN ammonium hydroxide. The 
washed residue was then dried under a stream of nitrogen and 
the solid was pulverized. 

The dried powder was treated with 100 ml. of 2 per cent hy- 
drochloric acid which dissolved most of the solid and converted 
the ferriporphyrin hydroxide to the water-insoluble ferripor- 
phyrin chloride. Centrifugation separated a small dark brown 
precipitate of hemin from a deep yellow supernatant fluid. The 
latter contained no hemin and was discarded. The precipitate 
was then washed twice with 100 ml. of 1 per cent hydrochloric 
acid and drained. 25 ml. of absolute methanol were added and 
the resulting hemin solution was separated from an insoluble 
white pasty material by filtering through fluted paper. Failure 
to remove this material resulted in poor resolution of the hemins 
in column chromatography. The container and paper were 
rinsed with small portions of methanol and the clear solutions 
were combined. The hemin solution was then evaporated to 
dryness in a vacuum at room temperature. A single drop of 
pyridine was added to the solid and the resulting hemochromogen 
was dissolved in 5 to 10 ml. of chloroform. The amount of pyri- 
dine used never exceeded 0.1 ml. 


Column Chromatography 


The hemin mixture was chromatographed on a silicic acid col- 
umn as previously described (19). The use of hexane, which is 
necessary when the hemins are contaminated with lipides, could 
be omitted in the present case. 

About 3 to 5 ml. of the hemin solution were carefully applied 
to a silicic acid column 2.5 cm. in diameter, and containing 50 
gm. of the acid, and allowed to enter it. The wall of the chro- 
matographic tube was washed with a few milliliters of chloroform. 
Elution was begun immediately after this solvent had entered 
the column, using chloroform containing various amounts of 
ethanol. The fast moving fractions (see Fig. 1) were eluted with 
200 to 300 ml. of chloroform containing 0.75 per cent ethanol? 
In order to prevent loss of resolution of the slow moving hemin 
components due to diffusion, the ethanol concentration was then 
increased to 1.00 per cent. The eluate was collected in 5 ml. 
portions on an automatic fraction collector and analyzed by 
spectrophotometric and paper chromatographic techniques. 

For final purification, each of the separated hemins was re- 
chromatographed in a chromatographic tube, 1.0 cm. in diameter, 
with 5 gm. of silicic acid. 


Paper Chromatography 


The hemin fractions were identified and their purities estab- 
lished by paper chromatographic methods (28). The solvent 
systems used were pyridine-isopropyl alcohol-8 N ammonium 


2? Most commercial chloroform already contains some ethanol 
as preservative. 
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hydroxide (1:2:2, volume for volume), 2,6-lutidine-water 
(55:45, volume for volume), and 4 per cent isopropyl] alcohol in 
benzene saturated with picric acid. In addition to these a new 
acidic solvent system, consisting of 8 per cent glacial acetic acid 
in water-saturated toluene, has shown excellent resolving power 
for the hemins. In all instances ascending chromatography was 
performed in paper-lined glass cylinders, 13 x 40 cm. The 
solvent front was allowed to move a distance of 20 cm. from the 
point of application of the hemins. After thorough drying, the 
papers were sprayed with a modified benzidine-hydrogen per- 
oxide reagent. This reagent was a modification of that de- 
scribed earlier (28) and is prepared as follows. Excess solid 
benzidine hydrochloride was added to 25 ml. of absolute methanol 
and the mixture shaken for 1 minute. The undissolved solid 
was allowed to settle and the methanol decanted. To this solu- 
tion were added 12.5 ml. of water, 5.0 ml. of glacial acetic acid, 
2.5 ml. of 3 per cent hydrogen peroxide, and 0.5 ml. of pyridine. 
The reagent should be made up immediately before use. It 
can be used for about 3 hours after preparation 


Pyridine Hemochromogens 


The visible spectra of the pyridine hemochromogens were ob- 
tained using a Beckman model DU spectrophotometer. The 
purified hemin fractions were dissolved in a solution of 1.0 ml. 
of pyridine and 2.0 ml. of 0.05 n sodium hydroxide. In order 
to obtain the spectra of the reduced compounds, solid sodium 
dithionite was added and the solution was allowed to stand 2 to 
3 minutes. 


Oxime Formation 


The oximes of the hemins which contained formyl groups were 
prepared by adding 2.0 mg. of hydroxylamine hydrochloride and 
4.0 mg. of sodium acetate to approximately 25 wg. of hemin in 
3.0 ml. of pyridine. The mixture was stirred and allowed to 
stand at room temperature for 5 minutes. The oxime solution 
was then separated from any undissolved solid. 


RESULTS AND DISCUSSION 


The principal steps in the preparation of pure hemins from 
heart muscle are (a) elimination of substances which would 
interfere with purification procedures, (6) liberation of hemins 
from the hemoproteins, and (c) separation and purification of the 
extracted hemins. 

The preparative procedure outlined is designed to remove most 
of the soluble proteins, the major hemoproteins of which are 
myoglobin and hemoglobin. Saponin ruptures the cells, thus 
liberating the hemoproteins into the extracting medium. Su- 
crose in the extracting media helps to preserve the integrity of 
mitochondria, which contain the majority of the insoluble hemo- 
proteins. It is these compounds that the present study is fo- 
cused upon. The sucrose-saponin washes, therefore, allow the 
elimination of interfering hemoglobin and myoglobin with a 
minimum loss of the mitochondrial hemoproteins. 

Attempts to obtain pure hemins are complicated by the la- 
bility of these compounds in the presence of lipides, which are 
extracted along with hemin from tissue. In addition to degrada- 
tive effects, lipides also act to alter the solubility characteristics 
of hemins. As a result, hemins display distorted spots with 
greatly increased mobility in paper chromatographic systems 
(28). Column chromatographic separation of hemin mixtures 
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containing excessive lipide was also found to be impossible. 
Since lipides are extremely difficult to remove from hemin solu- 
tions, it is desirable to remove most lipide from the tissue before 
liberating the hemin from the protein complex. In the present 
work this has been accomplished by chloroform-methanol and 
acetone extractions of the tissue. 

The percentage of water in the acidified acetone which is most 
advantageous for hemin extraction has been discussed by other 
authors. Kiese and Kurz (18) and Lemberg et al. (30) reported 
that 20 per cent water helped to keep lipide solubility, and thus 
lipide contamination, at a minimum. In addition, the added 
polarity of the solvent aided in cleaving the hemin-protein link- 
age. Under the conditions reported in this paper any advantage 
gained in extraction of the hemins by increasing the water con- 
tent of the acidified acetone was lost in the subsequent precipi- 
tation step. In the precipitation of hemin from acetone by 
alkali it was found that the solubility of the hemin increased in 
the mixture as the water content increased. Recovery of the 
unprecipitated hemin from the neutralized acetone was imprac- 
tical. The advantage of aqueous-acetone in lowering lipide 
solubility was considered to be unimportant because of the pre- 
liminary lipide extraction employed in our procedure. 

In spite of extensive elimination of lipide there still remained 
in the hemin extracts a substance which interfered with the 
column chromatography. This material was nearly insoluble in 
wet methanol, and soluble in ether and chloroform. Thus, ex- 
traction of a wet hemin mixture with methanol left a pasty white 
residue which appeared to autooxidize rapidly. No further iden- 
tification of this solid was attempted. 

The final traces of lipide are removed on the silicic acid col- 
umn. Some of the lipides appear as yellowish bands, which 
elute much earlier than the most rapidly moving hemin fraction. 

The development of paper chromatographic systems (10, 28) 
and spray reagent (28) has proved to be most important in the 
investigation of hemin chemistry. The toluene-acetic acid sol- 
vent, reported herein, has been found to have distinct advantages 
as an acidic system. The presence of extremely small quantities 
of hemin, which may be obscured by the yellow color in the sol- 
vent system which employs picric acid, is easily detected on pa- 
pers which are run in the new toluene system. This solvent 
mixture is stable over longer periods than the isopropy] alcohol- 
acid systems. Addition of pyridine to the benzidine-hydrogen 
peroxide spray reagent improved its effectiveness greatly. Pyri- 
dine, which increased the catalytic activity of the hemin and 
hence increased the sensitivity of the reagent 20-fold, made pos- 
sible the detection of as little as 3 x 10~ ug. of hemin. 

Figure 1 represents a typical column separation of total 
hemins. Fractions I through IV were eluted with chloroform 
containing 0.75 per cent ethanol whereas elution of the other 
fractions required 1.00 per cent ethanol. On the column, Frac- 
tions I, II, IV, and V appeared red in color. Fraction III, 
which was sometimes a doublet, was green and Fractions VI and 
VII were brown. The major component in the mixture was 
Fraction V. Although Fractions I and II were obtained as 
chromatographically pure hemins, the chromatograph shows 
that the slower moving hemins overlapped. However, when 
these mixed fractions were rechromatographed, pure hemin 
fractions were obtained. In the initial column chromatography 
a band of dark color usually remained on the top of the column, 
resisting elution with solvents of less than 2.0 per cent ethanol 
concentration. This material comprised about 5 to 10 per cent 
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Fic. 2. Rp values of hemin fractions in basic and acidic sol- 
vents. The solvents are: A, 4 per cent isopropyl alcohol in ben- 
zene saturated with picric acid; B, 8 per cent glacial acetic acid in 
water-saturated toluene; C, 2,6-lutidine-water, 55:45 (volume for 
volume) ; D, pyridine-isopropy] alcohol-8 n ammonium hydroxide, 
1:2:2 (volume for volume). Hemin spots were located using a 
benzidine-hydrogen peroxide-pyridine spray. 





of the total pigment and was considered to consist of hemin 
degradation products. 

Figure 2 indicates the separation and Ry values of the purified 
hemin fractions obtained by paper chromatography using acidic 
and basic solvent systems. The red hemins, Fractions I, II, 
IV, and V, moved in the same relative order in all solvents. 
This was not true of Fractions III, VI, and VII, which will be 
referred to as green hemins. In the basic solvents, Fractions 
VI and VII moved in reversed order to that found in the acidic 
solvents. Furthermore, in relation to the red hemins, the green 
hemins displayed higher mobility in the basic systems and lower 
mobility in the acidic systems. 

Table II presents the absorption maxima of the hemins which 
had been purified by column chromatography. Maxima are 
recorded for hemins dissolved in chloroform as well as for the 
oxidized and reduced pyridine hemochromogens. 

Fractions I, II, and V have the same absorption maxima in the 
visible region of the spectrum. The spectra of Fraction IV are 
quite similar to the corresponding spectra of the other red he- 
mins, but the absorption maxima are at lower wave lengths. In 
contrast to the red hemins, the green fractions are characterized 
by the lack of a prominent peak in the 500 to 530 my region of 
the pyridine hemochromogen spectra. In addition the peaks of 
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the green hemins in all solvents are at higher wave lengths than 
the corresponding maxima of the red hemins. The maxima of 
Fraction III are identical with the maxima of Fraction VII. 
The single exception to this is seen in a difference of 5 my in the 
position of the 500 to 530 my peaks in chloroform. The simi- 
larity of Fraction III to Fraction VII is also observed in the 
spectra of the oximes. 

Some identifications of the seven hemin fractions recovered 
from column chromatography of the acid-acetone extraction of 
heart muscle may be made. The first hemin eluted from the 
column, Fraction I, has been previously described as an ester of 
protohemin (24, 28). Lemberg et al. (27) have also reported the 
presence of an ester of protoporphyrin in mammalian tissues. 
More recently, Fraction I was found to have the capacity to 
reactivate a succinate-cytochrome c reductase system which had 
been inactivated by extraction with isooctane (31). 

The chromatographic and spectral properties of Fraction V 
identify it as protohemin 9. The quantity of this hemin varies 
with each’ preparation and is dependent primarily on the effi- 
ciency with which the preliminary aqueous extractions remove 
hemoglobin and myoglobin. Because protohemin is always 
present in large quantities, inevitably it grossly contaminates 
Fraction VI and may sometimes obscure this fraction com- 
pletely. 

Fractions III, VI, and VII all form oximes, which indicates 
that they are formyl-containing hemins. Fraction III was found 


TaBLe II 
Spectral mazima of heart muscle hemins 

The positions of the maxima of the hemins were recorded for 
chloroform and alkaline pyridine solutions as described in the 
text. The hemochromogens in pyridine were reduced by solid 
sodium dithionite. The formyl-containing hemins were converted 
to the oximes in pyridine using hydroxylamine and sodium ace- 
tate. 

The ratio of the absorbancy of the Soret (y) band to that of 
the a-band of the reduced hemochromogens in pyridine are all 
approximately 5.0 with the following exceptions: Fraction I, 4.4; 
Fraction VI, 5.7; and Fraction VII, 4.7. 








Hemin fraction Form Solvent Wave length, mu 
I, 11, V Oxidized | Chloroform | 390 | 510 | 540 | 640 
Oxidized | Pyridine 398 572 
Reduced | Pyridine 420 | 524 | 556 
IV Oxidized | Chloroform | 384 | 510 | 537 | 637 
Oxidized | Pyridine 394 563 
Reduced | Pyridine 414 | 520 | 550 
VI Oxidized | Chloroform | 412 | 510 635 
Oxidized | Pyridine 405 582 
Reduced | Pyridine 432 | 535* | 582 
Oxime Pyridine 531 | 562 
III Oxidized | Chloroform | 414 | 505 | 552 
Vil Oxidized | Chloroform | 414 | 510 | 552 | 635 
III, VII Oxidized | Pyridine 407 587 
Reduced | Pyridine 430 587 
Oxime Pyridine 421 | 530 | 574 























* This is a minor absorption peak. 
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to arise on standing from purified Fraction VII. It was observed 
that Fraction VI underwent a similar conversion, resulting in a 
fourth green hemin with chromatographic properties like Frac- 
tion III. These degradation products are spectrally similar to 
their parent compounds but exhibit distinctly different solubility 
characteristics. The chemistry involved in the transformation 
is unknown. 

On the basis of spectral data (26) Fraction VI appears to be 
identical with cryptohemin a (16, 25). Because this compound 
is usually observed in very low concentration, Lemberg and 
Parker (25) have concluded that it is an artifact derived from 
hemin a. On the other hand there is still reason to believe that 
cryptohemin a may indeed be a natural product (21, 26, 32). 
The relationship of cryptohemin a to the cytochromes a and a; 
has not been fully elucidated. It always accompanies Fraction 
VII when the prosthetic groups of cytochromes a and a; are 
cleaved from the proteins. Fraction VII is hemin a! as indicated 
by chemical and spectral properties and chromatographic move- 
ment in all solvents. 

The four hemins, protohemin, hemin a, cryptohemin a, and a 
protohemin ester, have been described previously. The other 
hemin fractions have not been reported. Since Fraction III 
appears to represent conversion products derived from hemin a 
and cryptohemin a, it is not impossible that the remaining two 
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hemins, Fractions II and IV, may also arise from other hemins. 
On the other hand, it is quite possible that one or both of these 


compounds are prosthetic groups of as yet undescribed hemo- 
proteins. 


SUMMARY 


1. A procedure for the isolation of the prosthetic groups of the 
insoluble hemoproteins of heart muscle is presented. Prelimi- 
nary removal of lipide from the minced tissue is accomplished by 
extraction using chloroform-methanol. The hemins are cleaved 
from the protein moiety by acidified acetone containing a mini- 
mum of water. Column chromatography of the total hemin 
mixture obtained in this way results in seven fractions. 

2. Paper chromatography using four solvent systems was used 
to identify the hemin fractions and to determine their purity. 
Among the paper chromatographic systems employed was a new 
solvent system containing toluene and acetic acid. The hemin 
spots were located with the use of an improved spray reagent. 

3. Of the seven hemin fractions isolated, four were identified 
as protohemin, hemin a, cryptohemin a, and protohemin ester. 
Another fraction is derived from hemin a and cryptohemin a, 
whereas the remaining two fractions have not been identified. 

4. Spectral properties and Ry values of the various hemin frac- 
tions are reported. 
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The Interaction of Nucleotides with Microsomal 
Cytochrome Reductase* 
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The isolation of microsomal cytochrome reductase as an 
essentially homogeneous flavoprotein containing one mole each 
of flavin adenine dinucleotide and an essential sulfhydryl group 
was described in an earlier work (1). It was shown that this 
enzyme catalyzes the reduction of microsomal cytochrome, 
ferricyanide, and various dyes by reduced diphosphopyridine 
nucleotide. No reaction was observed with reduced triphos- 
phopyridine nucleotide as electron donor, and cytochrome c could 
not replace microsomal cytochrome as electron acceptor. The 
experiments reported here indicate more clearly the role of the 
essential sulfhydryl group in nucleotide reactions with the 
enzyme. It will be shown that observations on both the spectral 
changes and the catalytic activity, following addition of nucleo- 
tides, dyes, and p-chloromercuribenzenesulfonate (CMS!) to 
anaerobic solutions of the enzyme, suggest the formation of a 
specific pyridine nucleotide complex involving a protein sulf- 
hydry] group. 


EXPERIMENTAL 


Methods—Aerobic and anaerobic procedures for measuring 
both enzymatic activities and spectral changes in micro cells 
were similar to those described previously (1,2). For anaerobic 
experiments the nitrogen used was freed of residual oxygen by 
passing it through two vanadyl sulfate towers. Solutions were 
made anaerobic either by alternately evacuating and flushing 
with nitrogen or by bubbling nitrogen through the solution. 
Measurements were made with a calibrated Beckman model 
DU spectrophotometer with a photomultiplier attachment. 
Water at various temperatures from 2-25° was circulated from a 
constant temperature bath through double thermospacers? to 
obtain desired chamber temperatures during spectral observa- 
tions. The standard assays of the catalytic activity of micro- 
somal cytochrome reductase were run at 25° in aerobic micro 
cells containing 0.02 umole of DPNH, 0.05 umole of potassium 


* This investigation was supported in part by research grants 
H-2768 from the National Heart Institute, Public Health Service 
and NSF-G4552 from the National Science Foundation. 

1 The abbreviations used are: FAD, flavin adenine dinucleo- 
tide; DPN, diphosphopyridine nucleotide, and DPNH, the re- 
duced nucleotide; AP, 3-acetyl pyridine analogue of DPN; APH, 
3-acetyl pyridine analogue of DPNH; TPN, triphosphopyridine 
nucleotide, and TPNH, the reduced nucleotide; CMS, p-chloro- 
mercuribenzenesulfonate; EDTA, ethylenediaminetetraacetic 
acid; Tris, tris(hydroxymethyl)aminomethane adjusted to desired 
pH with acetic acid. 

* Obtained from Beckman Instruments, Inc. A temperature 
of 0-5° was used for the stoichiometric experiments to avoid pro- 
tein denaturation. 


ferricyanide (added at zero time) and enzyme as indicated, in 
0.20 ml. of 0.1 m Tris and 0.001 m EDTA, pH 8.1. The oxida- 
tion of DPNH was followed by the decrease in optical density 
at 340 my at 15 second intervals for 2 minutes. A correction 
for the small contribution of ferricyanide reduction to the 340 
my absorption change was made. 

Microsomal cytochrome reductase was prepared as described 
previously (1) except that the original homogenate was made 
with 3 rather than 9 volumes of sucrose media. Preparations 
were stored at —20° in 0.1 m Tris and 0.001 m EDTA, pH 8.1. 

Methy] viologen, obtained from Mann Research Laboratories, 
was reduced prior to use with hydrogen and a suspended pal- 
ladium catalyst, and transferred to syringes for titration as 
described previously (2). Uusally only 50 to 80 per cent reduced 
dye was finally obtained as a result of the difficulties involved in 
reducing completely a dye with such a low oxidation-reduction 
potential (Zo’) (3) and in effecting completely anaerobic trans- 
fers. The DPN, DPNH, TPN, TPNH, and FAD were ob- 
tained from Sigma Chemical Company. The AP, prepared as 
described by Kaplan and Ciotti (4), and APH, prepared with an 
alcohol dehydrogenase system, were shown to be at least 95 per 
cent pure. 

Electron Donors—With ferricyanide as electron acceptor, the 
3-acetyl pyridine analogue of DPNH, APH, is oxidized in 
the microsomal cytochrome reductase system but only at ap- 
proximately one-eighth the rate observed with DPNH (Table I). 
The reduced 3-acetyl pyridine analogue also inhibits DPNH 
oxidation 50 per cent at equimolar concentrations of the two 
nucleotides (Table I). The oxidized form of the analogue is 
reduced by DPNH (Fig. 1). The latter reaction is measured by 
the increase in the ratio of the optical density at 365 and 340 
my as described by Weber and Kaplan (5). 

Effects of Sulfhydryl Inhibitors—In addition to CMS (1), one 
equivalent of silver ions or N-ethylmaleimide per equivalent of 
enzyme inhibits the microsomal cytochrome reductase activity 
completely when either DPNH or APH is used as electron donor 
and ferricyanide or microsomal cytochrome as electron acceptor. 
The reduction of AP by DPNH is also blocked by the sulf- 
hydryl inhibitors. Inhibition by silver ions or CMS can be 
completely reversed by incubation with a 10-fold excess of 
glutathione at pH 8.1 and 5° for 20 minutes. 

Nucleotide Effects on CMS Inhibition—Table II shows that 
either DPNH or APH added at the same time as CMS (Trials 3 
and 4) prevents the inhibition of microsomal cytochrome re- 
ductase activity by the mercurial reagent. However, when the 
nucleotides are added after the CMS (Trials 1 and 2), they do 
not prevent the sulfhydryl group inhibition. Other nucleotides 


748 





XUM 


l, in 
ida- 
sity 
tion 

340 


ibed 
1ade 
ions 
2. 
ries, 
pal- 
n as 
uced 
d in 
‘tion 
‘ans- 
ob- 
d as 
h an 
) per 


the 
1 in 
_ ap- 
le I). 
-NH 
two 
le is 
d by 
6340 


, one 
nt of 
ivity 
jonor 
ptor. 
sulf- 
n be 
ss of 


that 
ials 3 
e re- 
n the 
»y do 
tides 





September 1958 


TaB.Le I 
Nucleotide oxidation catalyzed by microsomal cytochrome reductase 

















Trial* Electron donor Other addition Nucleotide-oxidizedt 
pmoles/min. 
1 DPNH 0.00740 
2 APH 0.00088 
3 DPNH APH 0.00350 





* All trials were run in duplicate. 

+ Assay systems were aerobic at 25° and contained 0.01 ml. of 
10- m potassium ferricyanide, 0.01 ml. of 2 X 10-* m DPNH and/ 
or APH, 0.01 ml. of microsomal cytochrome reductase (1:500 dilu- 
tion of 0.5 mg. per ml.), 0.1 m Tris and 0.001 m EDTA, pH 8.1, in 
a total volume of 0.20 ml. 
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Fic. 1. The reduction of AP by DPNH in the microsomal cyto- 
chrome reductase system. The aerobic micro cuvettes, at 25°, 
contained 0.01 ml. of 2 X 10-* m AP, 0.01 ml. of 2 X 10-?>m DPNH 
(added at zero time), 0.01 ml. of enzyme (0.5 mg./ml.), and 0.17 
ml. of 0.1 m Tris and 0.001 m EDTA, pH 8.1. Since air was pres- 
ent, oxidation of DPNH proceeded slowly (1) with the net loss 
of approximately one third of the total reduced nucleotide. A 
365 to 340 my optical density ratio of 1.37 indicates 100 per cent 
APH (5). 


such as DPN, AP, TPN, and TPNH are without effect in such 
aerobic systems under any conditions. 

The effect of pH on the DPNH protection of microsomal 
cytochrome reductase activity from sulfhydryl group inhibition 
is shown in Fig. 2. Although the enzyme is stable for the 
incubation time over the entire pH range (Curve 1), DPNH 
protection of the sulfhydryl group (Curve 2) falls rapidly below 
pH 5.5 and above pH 9.5. Only 90 per cent of maximal activity 
was ever observed in these assays since a slight but appreciable 
sulfhydryl group inhibition occurred during substrate turnover 
as the assay proceeded. 

Anaerobic Spectra of Microsomal Cytochrome Reductase and 
Enzyme Reduced with DPNH or APH—The spectrum of oxidized 
microsomal cytochrome reductase in an anaerobic system is 
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TasB.e II 


Protection of microsomal cytochrome reductase from CMS 
inhibition by reduced nucleotide 











Additions to enzyme Total 
Trial System activity 
Zero time After 2 min. recovered® 
1 Aerobict CMS DPNH and fer- 0 
ricyanide 
2 Aerobict CMS APH and ferri- 0 
cyanide 
3 Aerobict DPNH Ferricyanide 96 
CMS 
4 Aerobict APH Ferricyanide 94 
CMS 
5 Anaerobict CMS 0 
6 Anaerobict DPNH CMS 91 

















* The activity of untreated enzyme in similar assay systems was 
used as reference. The standard assay system was used for an- 
aerobic trials (see ‘“Methods’’). 

+ The aerobic systems, at 25°, contained 0.01 ml. of microsomal 
cytochrome reductase (1:500 dilution of 1.33 mg. per ml.), 0.01 
ml. of 2 X 10°? m DPNH or APH as indicated, 0.01 ml. of 10-* m 
CMS, 0.01 ml. of 5 X 10-* m potassium ferricyanide after 2 minutes, 
and 0.16 ml. of 0.1 m Tris and 0.001 m EDTA, pH 8.1. 

t The anaerobic incubations were in anaerobic micro cells at 0 
to 5° and contained 0.18 ml. of enzyme (0.0022 umole). In Trial 
5, 0.01 ml. of CMS (0.005 umole) was added at zero time and incu- 
bated 10 minutes. In Trial 6, 0.01 ml. of DPNH (0.0025 umole) 
was added at zero time and 0.005 umole of CMS after 2 minutes. 
After 10 minutes incubation, 0.10 ml. of DPNH (0.20 umole) was 
added to each tube, air admitted, and a 0.01 ml. aliquot diluted 
with 0.90 ml. of 0.1 m Tris and 0.001 m EDTA, pH 8.1, and assayed 
for activity. 


shown in Fig. 3A (Curve 1). As DPNH is added the protein 
FAD is reduced as indicated by the fall in the 390 and 460 mu 
absorption peaks (Fig. 3A, Curves 2 and 3; Fig. 3B). At the 
same time a new absorption band with a peak at 315 my appears. 
This is shown clearly by the plot of the difference spectrum of 
reduced minus oxidized enzyme (Fig. 3B). On reoxidation by 
air, the spectrum for oxidized enzyme is again obtained (Fig. 3A, 
O——O). Theslight increase in optical density at 295 my is the 
absorption of the DPN. Similar spectral changes were also 
observed with APH with the exception that total reduction of 
enzyme flavin requires a large excess of the nucleotide since the 
oxidation-reduction potential of the 3-acetyl pyridine analogue 
is positive to that of DPNH (6). The spectrum of oxidized 
microsomal cytochrome reductase was not affected by DPN, 
AP, or TPN in similar anaerobic systems. 

When a sulfhydryl group reagent such as CMS is added to the 
oxidized enzyme in an anaerobic system, the spectrum from 295 
to 460 my is unaffected and identical with Curve 1 of Fig. 3A. 
However, the addition of DPNH or APH to the CMS-treated 
enzyme now yields no reduction of the flavin and the 315 mu 
peak does not appear. Instead, the spectrum is simply the sum 
of the spectra of oxidized reductase and the free DPNH (or 
APH) added. These effects are summarized for DPNH in Fig. 
4 in a plot of difference spectra: Curve 1 is the difference spectrum 
for enzyme in the presence and absence of CMS; Curve 2, for 
enzyme and CMS in the presence and absence of DPNH; and 
Curve 3, for enzyme alone in the presence and absence of DPNH. 








750 














T T T T T T T 

> 
OS a 
> (1) 
— ° 
Y 3) 

sok - 
an 
<q 
2 
x< 60OF ae 
<q 
=> 
3 40h 4 
be 
Zz 2) 
O 20h a 
ag 
uJ 
a 

O | ! ! | ! ! | 

RR ee ee ee es ee 
pH 


Fig. 2. The effect of pH on DPNH protection of enzyme from 
CMS inhibition. The incubations were carried out at 0 to 5°. 
At zero time 0.02 ml. of microsomal cytochrome reductase (1:10 
dilution of 1.33 mg./ml.) was added to 0.18 ml. of 0.1 m buffers at 
various pH values containing nothing additional or 10-‘ m DPNH 
and 5 X 10-*m CMS. After 5 minutes, 1.80 ml. of 0.1 m Tris and 
0.001 m EDTA, pH 8.1, was added and a 0.02 ml. of aliquot was 
withdrawn to assay activity in the standard assay system (see 
‘‘Methods’’). Curve 1 represents the data for no addition during 
incubation, whereas Curve 2 represents the data for incubation 
with DPNH and CMS. From pH 4.5 to 5.5, 0.1 m sodium ace- 
tate buffer was used; from pH 6.0 to 8.5, 0.1 m Tris acetate; and 
from pH 9.0 to 11.0, 0.1 m sodium lysinate. 


A 10- to 20-fold excess of reduced nucleotide will not reverse the 
mercurial block. However, if one equivalent of DPNH is first 
added to the oxidized enzyme in an anaerobic system to reduce 
the FAD and yield the 315 my peak, subsequent addition of 
CMS has no effect on the reduced flavin spectrum or the 315 
muy peak. 

The activity of the microsomal cytochrome reductase system 
mirrors these spectral effects (Table II). Trials 5 and 6 are 
stoichiometric experiments. One equivalent of DPNH added 
to the enzyme in an anaerobic system before CMS protects 
the enzyme from sulfhydryl group inhibition, whereas the 
microsomal cytochrome reductase is completely inhibited if the 
order of addition is reversed. 

Reduction of Microsomal Cytochrome Reductase with Methyl 
Viologen—It was possible to prepare reduced microsomal cyto- 
chrome reductase by titrating with the reduced form of the 
low-potential dye methyl viologen. As indicated in Fig. 5 
(Curve 2) and especially by the difference spectra of partially 
reduced enzyme plus oxidized dye and oxidized enzyme plus 
oxidized dye (Curve 2 minus Curve 1), the flavoprotein that has 
been reduced by dye does not show as marked a 315 my ab- 
sorption but rather a minor 300 to 310 my peak. Reduction by 
methyl] viologen also differs from reduction by DPNH in being 
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Fic. 3. Spectra of oxidized enzyme and enzyme plus DPNH. 
Anaerobic systems at 0 to 5° were used. A. Curve 1 is the spec- 
trum of 0.18 ml. of microsomal cytochrome reductase (0.00638 
umole), in 0.1 m Tris and 0.001 m EDTA, pH 8.1. Curve 2 was 
obtained on adding 0.01 ml. of DPNH (0.00298 umole); Curve 3, 
on adding 0.02 ml. of DPNH (0.00596 umole). The circles repre- 
sent the spectrum on reoxidation. Optical density readings were 
taken every 5 my and corrected to 0.20 ml. volume for all trials. 
B. The difference spectra of Curve 2 minus Curve 1 and Curve 3 
minus Curve 1 of part A are plotted. 
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Fic. 4. The effect of CMS on DPNH interaction with micro- 
somal cytochrome reductase. Systems were anaerobic, at 0 to 
5°, and in 0.20 ml. of 0.1 m Tris and 0.001 m EDTA, pH 8.1. Curve 
1 is the difference spectrum of 0.00418 umole of enzyme with and 
without 0.015 umole of CMS added; Curve 2, of 0.00418 umole of 
enzyme preincubated 2 minutes with 0.015 umole of CMS with 
and without 0.0037 umole of DPNH added; and Curve 8, of 0.00418 
umole of reductase with and without 0.0037 umole of DPNH added. 


completely insensitive to CMS. Curve 2 was also obtained by 
adding reduced dye to enzyme that had been incubated in 10-* 
mM CMS. 

DPN Reaction with Methyl Viologen-Reduced Enzyme—When 
DPN is added to methy] viologen-reduced flavoenzyme, the 315 
my peak appears (Fig. 5, Curve 3 and Curve 3 minus Curve 1). 
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Fia. 5. The effect of DPN on methyl viologen-reduced enzyme. 
The systems were anaerobic, at 0 to 5° and in 0.20 ml. of 0.1 m Tris 
and 0.001 m EDTA, pH 8.1. A. Curve 1 is the spectrum of 0.00568 
umole of microsomal cytochrome reductase and 0.04 umole of oxi- 
dized methyl viologen. Curve 2 is the spectrum of 0.00568 umole 
of enzyme to which 0.04 umole of partially reduced methyl violo- 
gen was added. For Curve 3, 0.0037 umole of DPN was added to 
the anaerobic cuvette for Curve 2. B. The difference spectra of 
Curve 2 minus Curve 1 and of Curve 3 minus Curve 1 of part A are 
plotted. Optical density readings were taken very 5 mu. 


This suggests that the spectrum obtained with microsomal 
cytochrome reductase and DPNH in an anaerobic system 
represents the reduced flavin and DPN bound to the flavo- 
protein. The addition of DPNH to methyl] viologen-reduced 
enzyme results in partial reduction of the oxidized dye making 
spectral interpretation difficult. TPN does not cause any 
change in the spectrum of the dye-reduced enzyme from 300 to 
500 mu. 

Effect of CMS and DPN on Methyl Viologen-Reduced Enzyme— 
If CMS is first added to methyl viologen-reduced enzyme, DPN 
will no longer react with the enzyme to give the 315 my absorp- 
tion peak and catalytic activity is completely lost (Table III). 
When the order of addition is reversed, and the 315 my peak is 
obtained first by the addition of DPN to methyl viologen- 
reduced enzyme, CMS has no effect on the spectrum or on the 
catalytic activity (Table III). Thus, when the FAD is reduced, 
the oxidized nucleotide forms a very stable enzyme complex 
involving the essential sulfhydryl group. This is in direct 
contrast to the relatively weak binding of DPN to oxidized 
enzyme. 

Reversible Splitting of FAD from Microsomal Cytochrome 
Reductase—Although the preparation of large amounts of micro- 
somal cytochrome reductase apoenzyme for stoichiometric ex- 
periments was not achieved, the isolation of small amounts of 
apoenzyme permitted studies of its properties based on catalytic 
activities. Acid ammonium sulfate precipitation (7) of dilute 
solutions of enzyme in the presence of excess albumin gave 
preparations which consistently showed a 5-fold or better stim- 
ulation of activity by FAD with approximately 40 to 70 per cent 
recovery of total activity (Table IV). Even higher resolution 
was obtained by a second acid ammonium sulfate precipitation 
yielding an 8- to 10-fold stimulation of activity by FAD but 
only approximately a 25 per cent recovery of total activity. As 
Table IV shows, the apoenzyme is inhibited by CMS, but neither 
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Taste III 
CMS effect on DPN interaction with dye-reduced enzyme 
Optical density changet Total 
Trial Additions* activity 
315 mp | 390mp | 460mp | ecoveredt 
% 
1 CMS 0.0 0.0 0.0 4 
2 DPN 0.12 0.17 0.19 100 
3 CMS, DPN after10/ 0.0 0.00 0.00 7 
min. 
4 DPN, CMS after10| 0.12 0.17 0.18 92 
min. 




















* Additions were made to 0.0055 umole of microsomal cyto- 
chrome reductase in 0.18 ml. of 0.1 m Tris and 0.001 m EDTA, pH 
8.1, and in an anaerobic system at 0 to 5°. In each case 0.02 ml. 
of partially reduced methyl] viologen (0.04 umole total dye) was 
first added to reduce the enzyme. Then 0.02 umole of CMS and/ 
or 0.1 ymole of DPN were added in 0.01 ml. as indicated. 

t All optical density readings were corrected to a 0.20 ml. vol- 
ume. 

t The standard assay system was used (see “Methods’’). 
After optical density readings, 0.20 umole of DPNH was added to 
each tube, air admitted and 0.1 m Tris and 0.001 m EDTA, pH 
8.1, added to give a total volume of 3.00 ml. Two 0.01 ml. ali- 
quots were used for activity measurements. 








TaBLe IV 
Properties of partially resolved microsomal cytochrome reductase 
Trial Additionss _/FAD added | Total activityt | Total activity 
umoles DPNH tran 
oxidized/min. 70 
1 None - 3.6 12.4 
2 None + 20.0 69.0 
3 | CMS + 0.6 2.1 
4 | DPN, CMS + 0.6 2.1 
5 DPNH, CMS + 4.5 15.5 

















* Apoenzyme was prepared at 0 to 5° by adding to 0.02 ml. of 
enzyme (0.0011 umole) 0.48 ml. of albumin (2 mg./ml.), 0.50 ml. of 
water and 0.50 ml. of saturated amiaonium sulfate. The pH was 
then adjusted to 2.50 with 1 n HCl and the solution allowed to 
stand at 0 to 5° for 30 minutes. After this time 1.00 ml. of sat- 
urated ammonium sulfate was added, the suspension centrifuged, 
and the precipitate dissolved in 1.0 ml. of 0.1 m Tris and 0.001 m 
EDTA, pH 8.1. For the experiments above 0.10 ml. of the re- 
solved enzyme was diluted to 1.0 ml. with the same buffer. Where 
indicated above, 0.01 ml. of 2 X 10-* m CMS and DPN or DPNH 
were added and the solution incubated 10 minutes at 0 to 5°. 

¢ 0.01 ml. of 10-*? m FAD was added to incubations at 0 to 5° 
two minutes before taking a 0.01 ml. aliquot for activity assays. 

t The standard assay system was used (see ‘‘Methods’’). 

§ Recoveries were based on the total activity of 29 umoles 
of DPNH oxidized per minute for 0.02 ml. of this microsomal cyto- 
chrome reductase preparation. 


DPN nor DPNH was able to protect the apoenzyme from 
mercurial inhibition. The activity observed when DPNH was 
tested is accounted for by the residual holoenzyme. It appears, 
therefore, that when the FAD is removed neither the reduced 
nor oxidized nucleotide is bound tightly to the sulfhydryl group. 
In view of the fact that the apoenzyme may be changed con- 
siderably in the violent acid ammonium sulfate treatment, there 
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Fic. 6. The effect of FAD on apoenzyme catalyzed AP reduction 
by DPNH. The apoenzyme was prepared exactly as described 
in Table IV, and dissolved in 0.50 ml. of 0.1 m Tris and 0.001 m 
EDTA, pH 8.1, at 0 to 5°. For Curve 1, 0.01 ml. of DPNH (0.022 
pmole) was added at zero time to 0.18 ml. of resolved enzyme, 
0.01 ml. of AP (0.20 umole), and 0.01 ml. of 0.1 m Tris and 0.001 
mM EDTA, pH 8.1, in an anaerobic system at 0 to 5°. The system 
is the same for Curve 2 except that it contained 0.01 ml. of 2 X 
10-* m FAD rather than buffer. The change in optical density at 
365 and 340 my was then followed at 25°. Readings were made 
at 5 minute intervals with a lapse of 15 seconds between readings 
at the two wave lengths. 


is no certainty that CMS action here is similar to its action on 
the holoenzyme. 

Partially resolved enzyme was tested for the effect of FAD 
on DPNH reduction of AP. As can be seen in Fig. 6, this 
preparation, which shows a 5.3-fold stimulation of DPNH 
oxidation by FAD in the standard assay system, also shows 
approximately a 5-fold increase in the rate of reduction of AP by 
DPNH on addition of FAD. 


DISCUSSION 


The object of the work described here was to examine one 
part of the mechanism of microsomal cytochrome reductase 
catalyzed reactions, i.e. the interaction of nucleotides with the 
enzyme. Previous work (1) had already demonstrated that a 
single protein sulfhydryl group was essential to the reaction of 
DPNH with microsomal cytochrome reductase. In the present 
experiments, the same group was also shown to be involved in 
APH reaction with the enzyme and to be necessary for the 
catalysis of DPNH reduction of AP by the enzyme. The 
finding that the inhibition of all of these reactions by CMS 
could be prevented by first incubating the enzyme with the 
reduced nucleotides indicates that either DPNH and oxidized 
enzyme or DPN and reduced enzyme form a very stable com- 
plex involving the essential sulfhydryl group. 

That such an intermediate does exist was demonstrated by 
the anaerobic titrations of the enzyme with DPNH. As the 
flavin was reduced by each aliquot of DPNH added, a cor- 
responding absorption peak at 315 my appeared. These data 
strongly suggest that it is DPN which is firmly bound to the 
reduced enzyme. More direct evidence for the formation of a 
DPN-protein complex was obtained by observing the ap- 
pearance of the 315 my absorption peak by adding DPN to the 
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dye-reduced enzyme. Several observations suggest that the 
DPN-protein binding may involve a protein sulfhydryl group. 
The absorption peak of the complex is in the spectral region in 
which absorption peaks have been found for DPN complexes 
with sulfhydryl compounds (8). In addition, the complex is 
insensitive to CMS, both spectrally and by activity assays, and 
the CMS-treated enzyme will no longer form the nucleotide 
complex or act as a catalyst. 

If a direct binding of nucleotide to a sulfhydryl group of the 
reduced enzyme does occur, a mechanism (Scheme 1) may be 
suggested for reactions involving microsomal cytochrome re- 
ductase. Reaction 1 represents the over-all reaction in which 
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ScHEME 1 


the flavin is reduced and a stable DPN-enzyme complex is 
formed. The fact that CMS inhibits DPNH reaction with the 
oxidized enzyme, as well as DPN binding by the reduced enzyme, 
suggests that the reduced nucleotide interaction with the enzyme 
may also involve the essential sulfhydryl group. In Reaction 3 
the oxidized nucleotides, DPN or AP, react with the dye-re- 
duced enzyme to form the intermediate. Since the DPN- 
protein complex is stable to sulfhydryl group reagents, even 
though CMS reacts completely with the free sulfhydryl group 
on dye-reduced enzyme to form a complex which in turn resists 
nucleotide displacement, it must be assumed that DPN binding 
involves one or more sites on the protein in addition to the 
sulfhydryl group. Further examination of the pH effect on 
DPNH protection from CMS inhibition may yield information 
on the existence of other nucleotide-binding sites. As yet the 
details of Reaction 4 have not been examined. The observation 
that DPN is bound tightly to reduced enzyme suggests that 
oxidation of the flavin may precede dissociation of the nucleotide 
from the protein. 

This mechanism is only one possible interpretation of the 
data. A more indirect role for the sulfhydryl group in nucleo- 
tide interactions with the enzyme may actually be involved.’ 
For example, combination of the essential sulfhydryl group with 
CMS may prevent, by changing the protein configuration, some 
important binding site (or sites) near this grouping from entering 
into combination with DPN. Prior binding of such a site (or 


3 The author is indebted to an Editor for this suggestion. 








Vim 


ized) 


d) 








September 1958 


sites) in the reduced enzyme by the nucleotide might in turn 
protect the sulfhydryl group from the mercurial reagent. 

Of particular interest is the possible role of the flavin in these 
reactions other than as an electron acceptor. First of all, 
formation of the DPN to protein complex with a 315 my absorp- 
tion peak occurs only when the FAD is reduced. If the flavin 
is removed from the enzyme, neither reduced nor oxidized 
nucleotides will react with the enzyme, but this effect may be a 
result of the violent treatment necessary to prepare the apo- 
enzyme. Secondly, the mechanism of electron transfer from 
DPNH to AP differs apparently from the mechanism of electron 
transfer in the TPNH cytochrome c reductase system studied by 
Weber and Kaplan (5). These authors found that the addition 
of FAD to partially resolved TPNH cytochrome c reductase 
caused very little increase in the rate of reduction of the 3-acetyl 
pyridine analogue of TPN by TPNH. In direct contrast, the 
addition of FAD resulted in a 5-fold stimulation of AP reduction 
by DPNH in the resolved microsomal cytochrome reductase 
system. In the mechanism postulated, Reactions 1 and 3 
would provide an electron pathway in which reduced enzyme 
flavin would be an obligate intermediate. 


SUMMARY 


1. The oxidation of either reduced diphosphopyridine nucleo- 
tide or its 3-acetyl pyridine analogue in the microsomal cyto- 
chrome reductase system, as well as the transfer of electrons 
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from the reduced nucleotide to the 3-acetyl pyridine analogue, 
were shown to require a specific enzyme sulfhydry] group. 

2. The inhibitory effects of p-chloromercuribenzenesulfonate 
were found to be prevented by prior treatment with reduced 
nucleotides. 

3. Spectral observations during anaerobic titrations of the 
enzyme with reduced nucleotide revealed a stable complex 
between the protein and nucleotide with a 315 my absorption 
maximum. 

4. By anaerobic titrations of the enzyme first with reduced 
methyl] violgen and then with diphosphopyridine nucleotide, the 
complex was shown to involve binding of oxidized nucleotide to 
reduced enzyme. 

5. A specific sulfhydryl group was shown to be involved in 
this reaction by demonstration that p-chloromercuribenzene- 
sulfonate added before nucleotides inhibits the formation of 
the complex, and that the complex once formed was stable to 
this reagent. 

6. Flavin adenine dinucleotide was shown to be essential to 
all of the reactions described by demonstration of a requirement 
for free flavin in systems containing at least 80 per cent resolved 
enzyme. 

7. The implications of these data for the mechanism of nucleo- 
tide interaction with flavoprotein were discussed. 


Acknowledgement—The technical assistance of Mary Stritt- 
matter is gratefully acknowledged. 


REFERENCES 
1. SrrRitrMaTTER, P., anv VeE.ick, S. F., J. Biol. Chem., 228, 785 5. Weper, M. M., anp Kaptan, N. O., J. Biol. Chem., 225, 909 


(1957). 


(1957). 


2. Veuick, 8. F., anp SrritrMatTter, P., J. Biol. Chem., 221, 265 6. Kapitan, N. O., Crort1, M. M., anp Stroutzenpacn, F. E., J. 


(1956). 
3. Stern, K. G., Tab. biol. period., 4, 1 (1935). 


Biol. Chem., 221, 833 (1956). 
7. WarBuRG, O., AND CurisTIAN, W., Biochem. Z., 298, 150 (1938). 


4. Kapuan, N. O., ann Crorm, M. M., J. Biol. Chem., 221, 823 8. van Eys, J., anpD Kapian, N.O., J. Biol. Chem., 228, 305 (1957). 


(1956). 








A Requirement for Coenzyme A in Oxidative Phosphorylation® 


W. C. McMurrayt anp Henry A. Larpy 


From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin 


(Received for publication, May 1, 1958) 


Experiments have shown that oxidative phosphorylation by 
aged, or otherwise damaged, mitochondria may be restored by 
additions of ATP and DPN (1), by combinations of ATP, DPN 
and Mn++ (2) or by bovine serum albumin (3). In the latter in- 
stance albumin apparently acts by binding an inhibitory protein, 
mitochrome, which is released by the mitochondria upon aging. 
More recently Cooper and Lehninger (4) and Ziegler et al. (5) 
have demonstrated oxidative phosphorylation in particles derived 
from mitochondria. These submitochondrial particles yield 
P:O ratios comparable to those obtained with intact mitochon- 
dria, and appear to contain functional quantities of bound nu- 
cleotides since they oxidize DPN-linked substrates rapidly in 
the absence of added DPN. Submitochondrial particles ob- 
tained by sonic disruption of liver mitochondria (6, 7) catalyze 
oxidative phosphorylation but with a considerably lower effi- 
ciency than that of intact mitochondria. Moreover, with the 
latter particles, added DPN was essential for the oxidation of 
DPN-linked substrates such as 6-hydroxybutyrate. Sonic oscil- 
lation released most of the pyridine and adenine nucleotides of 
mitochondria into soluble form (7); it seemed possible that addi- 
tional nucleotides or other cofactors essential to the oxidative 
phosphorylation process might also be removed from the mito- 
chondria during the sonic treatment. Some evidence suggesting 
that this might account, in part, for the low P:O ratios observed 
with sonic particles was published previously ((7) Table II, 
Experiment 2). The present paper describes evidence implicat- 
ing CoA as such a cofactor. A brief account of these experi- 
ments has been published (8). 


METHODS 


The preparation of the submitochondrial particles by sonic 
treatment of rat liver mitochondria has been described previ- 
ously (7). The particles were washed once and suspended in 
distilled water. The final supernatant fraction obtained from 
extracts of sonically disintegrated mitochondria by centrifuga- 
tion for 40 minutes at 105,000 < g was heated in a boiling water 
bath for 5 minutes and filtered to yield the heated extract. 

The assay for CoA was carried out using phosphotransacetyl- 
ase from Clostridium kluyverit. Purification of the enzyme and 
the assay procedure were essentially as described by Stadtman 
et al. (9). 

Acetoacetate was estimated as described by Walker (10). 

Other analytical methods used were the same as described 


* Supported by grants from the American Cancer Society and 
the United States Public Health Service. 

t Present address, Department of Cancer Research, University 
of Saskatchewan, Saskatoon, Saskatchewan. 


previously (7), with the exception that inorganic phosphate was 
determined as described by King (11). 


RESULTS 


The addition of the supernatant fraction (105,000 x g, 40 
minutes) from sonically disrupted mitochondria increased both 
the respiration and phosphorylation by the particulate fraction 
(Table I, Experiment 1) with little effect on the net phosphoryla- 
tion efficiency. However, addition of the extract after it had 
been heated at 100° and filtered to remove denatured protein 
greatly increased phosphate esterification by the particles with 
only a slight increment in oxygen consumption. Thus the P:O 
ratio was increased by the addition of heat-stable components 
in the mitochondrial extract. 

Treatment of the heated supernatant fraction by passage 
through a cation exchange resin, Dowex 50, did not affect the 
stimulation of phosphorylation (Table I, Experiment 2). How- 
ever, the stimulatory factor was removed by Dowex 1 (an anion 
exchange resin) or activated charcoal (Nuchar, West Virginia 
Pulp and Paper Company). Since this evidence appeared to 
implicate a nucleotide, a number of known nucleotides were 
tested for their ability to stimulate phosphorylation by the par- 
ticles. Cocarboxylase and the mono-, di- and triphosphates of 
guanosine, uridine, cytosine, and inosine were inactive in concen- 
trations of 3 X 10-5 m to 1.5 X 10 m. Crude coenzyme 
concentrates from yeast! promoted phosphorylation and the 
fractions possessing greatest stimulatory activity were those 
known to be rich in CoA. 

A purified preparation of CoA (Pabst Lot No. 410, assaying 
345 units per umole in the phosphotransacetylase assay) greatly 
increased the phosphate esterification without appreciably in- 
creasing the respiration. In the experiment shown in Fig. 1, 
the lowest concentration (3.3  10-* m) doubled the P:O ratio 
whereas the highest concentration (6.7 10-5 m) produced al- 
most a 7-fold increase. Subsequent experiments revealed that 
increasing the CoA concentration beyond 6.7 X 10-5 m did not 
further enhance the phosphate uptake. 

It is necessary to emphasize the variability of the extent of 
the stimulation produced by CoA. The data shown in Fig. 1 
exhibit the largest percentage increase of the P:O ratio observed 
in any experiment to date. Qualitatively, however, the effect 
was consistently observed. In a series of 35 other individual 
experiments, with conditions as closely identical as possible 
to those in Fig. 1, 6.7 * 10-5 m CoA enhanced the P:O ratio 30 
to 250 per cent in all but four experiments. Some reasons for 
the variability of stimulations will become apparent later. 


1 Generously provided by Dr. 8S. A. Morell of Pabst Labora- 
tories, Milwaukee, Wisconsin. 
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TaBie I 


Effect of supernatant fraction from sonically treated mitochondria 
on oxidative phosphorylation by particulate fraction 

The incubation mixture contained, in addition to washed par- 
ticles from 0.5 gm. wet weight of liver, 40 wmoles of p,L-8-hy- 
droxybutyrate, 3 ymoles of DPN, 2 umoles of ATP, 15 umoles of 
MgCl., 10 umoles of KF, 12 «moles of potassium phosphate buffer, 
pH 7.4, 50 umoles of tris(hydroxymethyl)aminomethane buffer, 
pH 7.4, excess yeast hexokinase (Sigma Chemical Company), and 
glucose in a final volume of 3.0ml. The amount of heated extract 
added was equivalent to that derived from 0.75 gm. wet weight of 
liver. Incubated 15 minutes at 30°. 








— Conditions AP AO P:0 
No. 
pmoles | patoms 
1 Control 2.24 | 4.87 | 0.46 
+ Supernatant extract 3.78 | 7.74 | 0.49 
+ Heated supernatant extract 4.51 | 5.73 | 0.79 
2 Control 2.08 | 5.38 | 0.39 
+ Heated supernatant extract 3.70 | 6.32 | 0.59 
+ Heated supernatant extract | 3.76 | 6.68 | 0.56 
(treated with Dowex 50) 
+ Heated supernatant extract | 2.17 | 4.97 | 0.44 
(treated with Dowex 1) 
+ Heated supernatant extract | 2.26 | 4.96 | 0.46 
(treated with Nuchar) 

















TaBLe II 
Effect of CoA and supernatant extract 
Experimental conditions as in Table I. The amount of heated 
extract added was equivalent to that derived from 1.0 gm. wet 
weight of liver. 























Conditions AP AO P:0 
pmoles | patoms 
arc i & ac Ad cb. k Scars DAMIR 0.72 | 4.49 | 0.16 
ie ME Pe Do ao bias ow on 3. os eae ce 2.20 | 5.82 | 0.38 
+ Heated supernatant extract.............. 2.82 | 6.25 | 0.45 
+ Heated supernatant extract + CoA 
OO DE ae oe ons dace tees Ddae eee 2.77 | 6.75 | 6.41 





The stimulatory factor in the heated supernatant fraction has 
not been identified as CoA. However, determination of the CoA 
content in the extract revealed that sufficient CoA was present 
to account for the stimulation produced by the extract (about 
0.1 umole/gm. of original tissue). The data in Table II indicate 
that the supernatant factor is probably either CoA or a com- 
pound acting by a mechanism similar to that of CoA, since the 
heated extract and CoA increased the P:O ratio to a similar ex- 
tent and no additional stimulation was produced by CoA in the 
presence of the heated extract. 

The data shown in Table III demonstrate that only the re- 
duced form of CoA is capable of stimulating phosphorylation. 
When the sulfhydryl group was oxidized by mild procedures the 
stimulatory activity was abolished. Recovery of the —SH 
function by reduction of the oxidized CoA resulted in recovery 
of the ability to increase phosphate esterification. It may also 
be seen from these data that the oxidized form of CoA did not 
affect the stimulation produced by the reduced form. 

Other Sulfhydryl Compounds—A number of —SH compounds 
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Fic. 1. Influence of CoA concentration on phosphate uptake. 
The experimental conditions were the same as in Table I. 
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TaB_e III 
Effect of state of oxidation of CoA on stimulation 
of oxidative phosphorylation 
The CoA was oxidized by aerating a solution at room tempera- 
ture until the nitroprusside test was negative. Reduction was 


accomplished with sodium amalgam. Conditions of incubation 
as in Table I. 





Conditions aP 40 P:0 





pmoles | patoms 


ea wou ha «arcane eee eee 3.39 | 5.22 | 0.65 
of OO nae 5.02 | 5.43 | 0.93 
+ Oxidized CoA (6.7 X 10-5 m)............ 3.63 | 5.48 | 0.66 


+ Oxidized CoA rereduced (6.7 X 10-5 m)..| 4.84 | 5.76 | 0.84 
+ CoA (6.7 X 10-5 m) + oxidized CoA 
eee i I a eas bccivemaws vubavusdwsns 4.93 











5.45 | 0.91 





other than CoA were tested for their ability to stimulate oxida- 
tive phosphorylation. Among the compounds which were in- 
active in the concentrations at which CoA produced its effects 
were: cysteine, N-acetyl cysteine, cysteine ethyl ester, homo- 
cysteine, thioglycolate, and 2,3-dimercaptopropanol. The data 
presented in Table IV, Experiment 1, show that pantetheine, 
reduced lipoic acid, glutathione, and 6-mercapto-N-acetylethy]- 
amine were also ineffective when added in the same concentra- 
tion as that at which CoA stimulated the phosphorylation 
maximally. As seen from Table IV, Experiment 2, considerably 
larger amounts of glutathione did increase the P:O ratio, although 
this effect was not consistently observed in other experiments. 
Other Substrates—The experiments described to this point 
were carried out with pt-8-hydroxybutyrate as substrate in the 
presence of added DPN. The results shown in Table V, Experi- 
ment 1, demonstrate that the stimulatory effect of CoA was 
also observed when other substrates were used. Addition of CoA 
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TaBLe IV 
Effect of some sulfhydryl compounds on oxidative phosphorylation 
Pantetheine was prepared by sodium amalgam reduction of 
pantethine.* The reduced form of lipoic acid was obtained by 


NaBH, reduction of a-lipoic acid. Other experimental conditions 
as in Table I. 








Experi- 
ment Conditions AP 40 P:0 
No. 
pmoles | watoms 
1 Control 0.72 | 4.49 | 0.16 
+ CoA (6.7 X 10-5 m) 2.20 | 5.82 | 0.38 
+ Pantetheine (6.7 X 10-5 m) 0.75 | 4.92 | 0.15 
+ B-Mercapto-N-acetylethylamine | 0.93 | 5.80 | 0.16 
(6.7 X 10-5 m) 
+ Reduced lipoic acid (6.7 X | 0.98 | 4.97 | 0.20 
10-5 m) 
+ Glutathione (6.7 X 10-5 m) 0.88 | 5.35 | 0.16 
2 Control 1.47 | 5.15 | 0.29 
+ CoA (6.7 X 10-5 m) 4.26 | 4.49 | 0.95 
+ Glutathione (3.3 X 10-4 m) 2.51 | 4.85 | 0.52 

















* Kindly supplied by Prof. E. E. Snell, Berkeley, California. 


TABLE V 
Comparison of CoA effect with various substrates 











Experi- CoA 
ment Substrate (6.7 X AP 40 P:0 
No. 10-5 m) 
pmoles | patoms 
la | pi-8-Hydroxybutyrate,* - 1.42 | 4.88 | 0.29 
40 umoles + 2.99 | 4.98 | 0.60 
b | Ethanol, 330 yumoles — 1.37 | 3.01 | 0.46 
+ yeast alcohol dehydro-| 
genase* | + 2.73 | 3.58 | 0.76 
ec | DPNH, 4 umoles | = 0.53 | 3.51 | 0.15 
+ 1.45 | 3.73 | 0.39 
d | Succinate, 20 ymoles - 0.73 | 5.17 | 0.14 
+ 1.60 | 5.37 | 0.30 
2a | p(—)-8-Hydroxybutyrate,* _ 1.54 | 4.43 | 0.35 
20 umoles + 2.47 | 4.86 | 0.51 
b | L(+)-8-Hydroxybutyrate,* - 0 0 
20 umoles + 0 | O 




















*+ 3 umoles of DPN. Other conditions as in Table I. 
TasBie VI 
Effect of preincubation on response to CoA 


Experimental conditions as in Table I. Respiration and phos- 
phorylation measured during the interval from 15 to 30 minutes. 














Conditions AP AO P:0 

pmoles patoms 
EET Sco. Bathe aie yaarcient fesreee 1.89 3.55 0.53 
+ CoA (6.7 X 10-5 Mm) at O min....... 3.32 3.50 0.95 
+ CoA (6.7 X 10-5 M) at 15 min...... | 2.19 4.13 0.53 





increased phosphate exterification without correspondingly in- 
creasing oxygen consumption when ethanol in the presence of 
yeast alcohol dehydrogenase, DPNH, or succinate were oxidized. 
As may be seen from Experiment 2, Table V, only the p-isomer 
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of 8-hydroxybutyrate? was oxidized by the sonic particles. 
L(+)-8-hydroxybutyrate? was not oxidized in these experiments 
in the presence or absence of added CoA. 

Effect of Preincubation—In the experiments described previ- 
ously, the components shown in Table I, except hexokinase and 
glucose, were added to the main compartment of the incubation 
vessel; the hexokinase system was tipped in following a period 
of temperature equilibration (usually 10 minutes). Respiration 
and disappearance of inorganic phosphate were measured in the 
following 10 to 15 minutes. The results shown in Table VI 
demonstrate that it was essential to add CoA during the initial 
preincubation period in order to observe the stimulatory effect. 
When the CoA was added with the hexokinase following a 15 
minute preincubation period no increase in phosphate esterifica- 
tion was observed, whereas inclusion of the CoA during the 
initial 15 minutes resulted in a large stimulation of phosphoryla- 
tion. 

Short term experiments using a sensitive isotopic method (12, 
13) to measure phosphate esterification revealed that CoA did 
not appreciably increase the initial rate of phosphorylation as 
measured in the first minute. The stimulatory effect of CoA 
was obtained only upon prolonged incubation of the enzyme when 
the rate of phosphorylation in the control experiment had fallen 
considerably below the initial rate. 

A similar experiment is shown in Fig. 2. The P:O ratio in 
control samples is high in the first 10-minute period’ and it is 
not greatly increased by the addition of CoA. However, with 
prolonged preincubations the control P:O ratio decreases until 
in the 30 to 40 minute period it is only 50 per cent of the initial 
value. When CoA was included in the preincubation medium 
the P to acetoacetate ratio was maintained at a level approximat- 
ing the initial value. Thus the CoA effect seems to be a mainte- 
nance of the initial rate of phosphorylation rather than an 
immediate stimulation of phosphate esterification. In other 
experiments, the P:O ratios in control samples were decreased 
by preincubation to a greater extent than in Fig. 2, with P:O 
ratios of zero observed in the period 30 to 40 minutes in some 
cases. Since CoA tended to maintain the initial rate of phos- 
phorylation, in such experiments the percentage of stimulation 
produced by the addition of CoA was much greater. Thus the 
variability of lability of different particulate preparations during 
the preincubation period probably accounts largely for the varia- 
bility of the extent of the CoA effect noted earlier. 

Preincubation Conditions—The effect of omitting other com- 
ponents of the incubation mixture during the preincubation 
period was investigated next in the presence and absence of CoA. 
Addition of KF, MgCl., ATP, and DPN were shown previously 
to be necessary for optimal oxidative phosphorylation when 
B-hydroxybutyrate was the substrate (6,7). In the experiments 
shown in Table VII, the components omitted from the preincu- 
bation were tipped in with the hexokinase system after the 
initial 15 minute period. 

When KF, MgCle, inorganic phosphate, or ATP were omitted 


? Gifts from Dr. Salih Wakil. 

3 Since respiration measurements could not be made in the ini- 
tial 10-minute interval, the formation of acetoacetate was deter- 
mined as a measure of §-hydroxybutyrate oxidation, and the 
ratio, P to acetoacetate, was calculated. In longer time experi- 
ments, the values for oxygen consumption and acetoacetate for- 
mation on a molar basis agreed within 5 per cent either in the pres- 
ence or absence of CoA. 
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Fig. 2. Effect of preincubation on phosphorylation efficiency 
Sonic particles from 0.5 gm. wet weight of liver, and the compo- 
nents indicated in Table I except hexokinase, glucose, and §-hy- 
droxybutyrate were preincubated for various time intervals at 30° 
in the absence and in the presence of 6.7 X 10-5 m CoA. At the 
time indicated the hexokinase system and substrate were added 
to the incubation mixture and respiration or acetoacetate forma- 
tion (10) and phosphate esterification were estimated following a 
subsequent 10-minute incubation at 30°. 





during the preincubation period the P:O ratios were lower than 
in control samples. The response to added CoA as measured 
by per cent stimulation of the P:O ratio was decreased somewhat 
when MgCl, was omitted, and was decreased greatly when ATP 
was omitted. Omitting 6-hydroxybutyrate or DPN in the initial 
period increased the P:O ratio to some extent, and greatly in- 
creased the rate of respiration. The lower rate of respiration 
observed when B-hydroxybutyrate and DPN were added during 
the preincubation may be due to acetoacetate accumulation with 
resulting product inhibition of 6-hydroxybutyrate dehydrogen- 
ase. The per cent increase of the P:O ratio produced by the 
addition of CoA was somewhat smaller when 6-hydroxybutyrate 
or DPN were omitted during the preincubation. 

Effect of CoA on P®-ATP Exchange and AT Pase—The rapid 
exchange of P®-labeled inorganic phosphate with ATP catalyzed 
by mitochondrial enzyme systems in the absence of net ATP 
synthesis has been interpreted as due to reversal of steps in the 
oxidative phosphorylation process. Thus the exchange reaction 
and net phosphate esterification in mitochondria and submito- 
chondrial particles exhibit similar requirements for divalent cat- 
ions (14), and are similarly depressed by aging, by uncoupling 
agents such as DNP* (15, 16), and by the antibiotics, oligomycin 
A, and Nigericin (17).° 

As seen from the data in Table VIII, the P®-ATP exchange 


4 The abbreviation used is: DNP, 2,4-dinitrophenol. 
5H. A. Lardy, D. Johnson, and W. C. McMurray, unpublished 
experiments. 


W.C. McMurray and H. A. Lardy 
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Tasie VII 
Effect of preincubation conditions on response to CoA 
CoA (6. 
Experi- Components omitted Gane " 10+ 4) 7 Ine P:0 
oy from preincubation* produced 
ao | P:0 | ao | P:o | >¥ COA 
patoms patoms ~—_ 
1 None 4.21 | 0.72 | 4.14 | 0.99 +37 
KF, MgCl, 4.29 | 0.42 | 4.47 | 0.53 +26 
ATP, phosphate 4.50 | 0.37 | 4.63 | 0.40 +8 
8-Hydroxybutyr- 10.30 | 0.87 | 10.60 | 1.05 +21 
ate, DPN 
2 None 3.55 | 0.53 | 3.50 | 0.95 +79 
KF 3.82 | 0.39 | 3.80 | 0.68 +74 
MgCl, 3.99 | 0.34 | 4.45 | 0.50 +47 
Phosphate 4.52 | 0.33 | 4.52 | 0.66 | +100 
ATP 4.42 | 0.33 | 4.40 | 0.39 +18 
8B-Hydroxybutyr- 7.49 | 0.66 | 7.49 | 1.01 +53 
ate 
DPN 8.05 | 0.61 | 8.25 | 0.83 +36 























*The components omitted during the 15 minute preincubation 
period were tipped in with the glucose-hexokinase system. Other 
experimental conditions as in Table I. 


TasLe VIII 
Effect of CoA on P**-ATP exchange reaction 


In each case the preincubation medium contained the com- 
ponents minus 8-hydroxybutyrate in the same final concentration 
as in Table I, and sonic particles from 0.1 gm. wet weight of liver 
in a final volume of 1.0 ml. The incubation was continued for 
10 minutes at 30°. 





| | 


| P®-ATP exchange 











. | Os; |Phosphorylation 
Preincu- Oxida- 7 SORE EEREEEES 
bation Condition | tive® | increase | | 
° | »roduced p2 Increas 
at 30 4P = CoA incorpo- | asednted 
ratedt by CoA 
min. ‘gutales £ % | pmoles % 
0 Control 1.50 | | 0.45 
0 |+ CoA 67 x/|1.85| +423 | 0.59 | +31 
10-5 m) 
10 Control | 0.69 | | 0.19 | 
10 | + CoA /1.40} +103 | 0.40 | +110 








* 20 umoles of 6-hydroxybutyrate, excess hexokinase and glu- 
cose and P* (1.5 X 10° c.p.m.) were added after the preincuba- 
tion. 

+ 10 wmoles of ATP and P* (1.5 X 10° c.p.m.) were added after 
the preincubation. The values for the exchange were corrected 
for dilution of the specific activity of inorganic P** due to ATP 
hydrolysis. 


reaction and oxidative phosphorylation in sonic particles were 
stimulated to a similar extent by the addition of CoA. Both 
reactions were depressed 50 to 60 per cent by preincubation for 
10 minutes at 30°, and the addition of CoA tended to maintain 
their initial rates. 

Another enzymatic function which has been closely linked to 
the oxidative phosphorylation process is the ATPase activity, 
particularly that fraction of the ATP-splitting which is stimu- 
lated by DNP (18). The ATPase activity of sonic particles is 
stimulated 2- to 3-fold by DNP and up to 20-fold by Mg** (7). 
However, the ATPase activity of sonic particles in the presence 
or absence of DNP, Mg*+, or DNP + Mg*+ was not affected by 
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concentrations of CoA that stimulated oxidative phosphorylation 
and the P®-ATP exchange in experiments carried out under the 
same conditions and with the same enzyme preparations. The 
ATP-splitting in these experiments proceeded linearly for 30 
minutes at 30° whereas the phosphate esterification and P® ex- 
change reaction typically decreased in control samples. 

Effect of Particles on CoA—When added CoA was incubated 
with sonic particles and the other components of the oxidative 
phosphorylation test system at 30° for 30 minutes no detectable 
decrease in the sulfhydryl content or in the CoA content as 
assayed enzymatically was observed. However, the low endog- 
enous CoA content of washed sonic particles (0.4 to 0.8 mumoles 
of CoA in particles from 1 gm. of original liver®) was decreased 
40 to 60 per cent under the same conditions of incubation. The 
decrease in the CoA content of the particles closely paralleled 
the decrease in the P:O ratios in these experiments. 


DISCUSSION 


Little is known concerning the nature of the coenzymes and 
intermediates involved in the reactions coupling phosphate es- 
terification with electron transport. In the past the main bar- 
rier to elucidation of the problem has been failure to observe 
oxidative phosphorylation except in whole intact mitochondria. 
Techniques developed in the last few years have made it possible 
to study this process in fragments of mammalian mitochondria 
(4-7), and in particles derived from bacteria (19, 20). Recent 
studies have demonstrated requirements for vitamin K, (21, 22) 
and a polynucleotide (23) in oxidative phosphorylation by the 
bacterial enzyme systems; however, to date no new cofactor 
requirements have been shown for the mammalian submito- 
chondrial systems. Results of the experiments presented here 
suggest that CoA may play a cofactor role in the oxidative phos- 
phorylation process. 

Such an interpretation of the stimulatory effect of CoA upon 
phosphate esterification must be made with some caution, how- 
ever. The observation that CoA maintains the rate of phos- 
phorylation rather than stimulating the initial reaction rate could 
be interpreted as evidence for a protective function similar to 
that observed with serum albumin (3) rather than a true cofac- 
tor role for CoA. For example, a protective effect upon phos- 
phorylation enzymes could be exerted through the sulfhydryl 
group of CoA which must be in the reduced form to produce its 
effect. The failure of other sulfhydryl compounds including 
B-mercapto-N-acetylethylamine and pantetheine to act in a 
fashion similar to CoA would appear to rule out a simple non- 
specific effect of sulfhydryl, however. An alternative explana- 
tion which fits the observed facts may be proposed, namely, that 
CoA is functional as a cofactor of the phosphorylation process 
in a bound form. The decreases in rates of phosphorylation and 
P*.ATP exchange which occur upon prolonged incubation could 
then be explained as consequences of the observed slow destruc- 
tion of particle-bound CoA. Added CoA could maintain the 
initial rates of these reactions either by becoming bound to the 
particles or by competing with bound CoA for the enzymes re- 
sponsible for degradation of particulate CoA. 
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Experiments studying the effect of other preincubation com- 
ponents have indicated that the stability of the phosphorylation 
system may be affected by a number of factors other than CoA, 
for example, Mg*+, ATP and inorganic phosphate. The only 
clear-cut conclusion that may be drawn from these experiments 
is that the presence of adenine nucleotide during the preincuba- 
tion period is necessary in order that CoA may produce its stimu- 
latory effect. 

Any discussion of the mode of action of CoA as a possible 
cofactor in phosphorylation reactions is necessarily speculative 
at this time. One possibility nonetheless merits some considera- 
tion, namely, that the novel “high-energy” phosphate compound, 
thiophosphoryl CoA (24) could function as an intermediate in 
the chain of transfer reactions leading from inorganic phosphate 
to ATP. In the presence of an enzyme system from brain tissue 
this compound has been reported (24) to transfer its phosphate 
group reversibly to ADP, 7.e.: 


CoAS ~ P + ADP = CoASH + ATP (1) 


Moreover, thiophosphoryl CoA has been described as an inter- 
mediate in the reaction catalyzed by the “P-enzyme” from 
Escherichia coli (25), viz.: 


Succinyl ~ SCoA + P; = CoASP + succinate (2) 


Coupling of Reaction 2 with Reaction 1 yields ATP. No evi- 
dence has been obtained in experiments to date to indicate the 
presence of such an intermediate during oxidative phosphoryla- 
tion by sonic particles, but conditions may not have been favor- 
able for accumulation of the suspected intermediate. 


SUMMARY 


A heat-stable factor, present in the soluble fraction from 
sonically treated liver mitochondria, stimulated oxidative phos- 
phorylation by the submitochondrial particle fraction. A 
similar stimulation of phosphorylation was produced by low 
concentrations of coenzyme A (CoA). The effects of CoA and 
the factor from mitochondrial extracts were not additive. 

CoA was active only in the reduced form and a similar effect 
was not produced by a variety of other sulfhydryl compounds 
including pantetheine. CoA increased the P:O ratios when 
either p(—)-8-hydroxybutyrate, ethanol in the presence of yeast 
alcohol dehydrogenase, chemically reduced diphosphopyridine 
nucleotide, or succinate was oxidized by the particles. 

The stimulation required preincubation of the submitochon- 
drial enzyme system with CoA in the presence of adenine nucleo- 
tide. CoA did not greatly affect the initial rate of phosphoryla- 
tion but maintained the initial rate over prolonged periods of 
incubation when the rate in control samples had decreased. 
Addition of CoA stimulated the exchange of inorganic P® with 
adenosine triphosphate in a similar fashion. The adenosine tri- 
phosphatase activity of the enzyme system proceeded linearly 
with time and was not affected by CoA. 
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The Influence of Fluoride on the Solubility of Bone Salt’ 
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The decrease in the incidence of dental caries which follows 
the addition of fluoride to municipal water supplies has been 
attributed to the inhibition of enzyme reactions and of bacterial 
growth (2-4), and to a decrease in the solubility of bone salt. 
Evidence that fluoride decreases the solubility of bone salt 
consists of many reports which show, principally, that (a) a 
smaller amout of enamel, or of hydroxyapatite, is dissolved 
in fluoride-containing solutions than in fluoride-free solutions 
(5, 6); (6) the pretreatment of bone with relatively high con- 
centrations of fluoride decreases the amount of the bone which 
may be dissolved in acid over a subsequent short time interval 
(8, 9); (c) inclusion of fluoride in acid drinks decreases erosion 
of the teeth (10); and (d) a smaller portion of the enamel of 
the teeth is dissolved in acid if the teeth are from individuals 
who have lived in areas in which the water was treated with 
fluoride than if the water was not treated with fluoride (11). 
These studies show that the presence of fluoride decreases the 
amount of bone salt dissolved over a short time interval but 
they do not indicate whether this decrease is due to a change in 
the solubility equilibrium state or to the rate at which equilibrium 
is approached. With the possible exceptions of two (7, 11), none 
of the studies has reported the effect of an amount of fluoride 
as small as the 1 p.p.m. added to municipal water supplies. 

In experiments designed to study the effect of a small amount of 
fluoride on the solubility equilibrium of bone salt formed from 
inorganic salt solutions, it was observed that, depending upon 
experimental conditions, fluoride appears to either increase or 
decrease the solubility. The increased solubility was found 
to be attributable to the stabilization at a relatively high solu- 
bility level of an initial precipitate formed in the presence of 
fluoride. When, on the other hand, fluoride was added to 
preformed bone salt, suspended in salt solution, an amount of 
fluoride as small as 0.2 p.p.m. decreased the solubility. This 
paper is a report of these experiments. 


METHODS 


Influence of Fluoride on Rate of Precipitation of Bone Salts— 
Bone salts were precipitated from solutions of essentially the 
same inorganic composition as blood plasma, except for increased 
calcium and phosphate and the presence of small amounts of 
fluoride. For the preparation of these solutions, sufficient 


* Taken in part from a dissertation submitted to the Graduate 
School of Wayne State University in partial fulfillment of the 
degree of Doctor of Philosophy, June 1956. The research was 
aided by Research Grant A-613 from the National Institutes of 
Health, United States Public Health Service. A preliminary re- 
port has been published (1). 

t Present address: Department of Physiology, School of Medi- 
cine, Western Reserve University, Cleveland, Ohio. 


potassium acid phosphate, magnesium chloride, calcium chloride, 
sodium fluoride, sodium chloride, and water were measured 
into 500 ml. volumetric flasks to give about 350 ml. volumes 
of solution, which, when diluted to 400 ml., would contain 8 
mg. per cent of phosphorus, 3 mg. per cent of magnesium, from 
15 to 16.2 mg. per cent of calcium, and from 0 to 12 p.p.m. of 
fluoride, with a total ionic strength, after precipitation, of 
0.155. The amount of calcium present in excess of 15 mg. per 
cent was stoichiometrically equivalent to the amount of fluoride. 
Each solution was saturated with carbon dioxide and a sufficient 
volume of sodium bicarbonate solution was added to bring the 
concentration of the bicarbonate, after precipitation, to about 
0.025 m and the total volume to 400 ml. Previous saturation 
with carbon dioxide prevented precipitation as the bicarbonate 
was added. The solutions were placed in a constant temperature 
air bath at 38°, and after they had reached that temperature they 
were stirred with magnetic stirrers and equilibrated with 6.2 
per cent carbon dioxide in air, continuously to the end of the 
experiment. Precipitates were formed as the excess carbon 
dioxide was removed. Diffusion of air back into the solutions 
was prevented by a water trap. 

Samples were removed from the equilibrating solutions by 
allowing the precipitates to settle and then applying pressure 
to the contents of the flasks and forcing the solutions up through 
the aeration tubes and down through a Whatman filter paper 
No. 42 inserted between a one-holed rubber stopper and the 
opening of a large side-arm test tube. This permitted collection 
of samples at 38° without loss of carbon dioxide and consequent 
change in pH and solubility. Precipitates were removed by 
centrifugation. Both supernatant and precipitate were analyzed 
for phosphate (12), fluoride (13-15), calcium, and total carbon 
dioxide. Calcium was precipitated as the oxalate and washed 
twice with ammonia solution saturated with calcium oxalate 
(16). Aliquots for the determination of carbon dioxide were 
preserved with a small amount of alkali in large stoppered test 
tubes. The carbon dioxide was liberated by the addition of 
acid and aerated in closed circuit into tubes containing excess 
standard sodium hydroxide solution. The excess alkali was 
determined by titration with standard potassium acid phthalate 
after the addition of strontium chloride (17). A correction 
was applied for the bicarbonate in the small amount of super- 
natant solution present with the precipitate. The bicarbonate 
and pH of the solutions were calculated from the total carbon 
dioxide and the partial pressure of the carbon dioxide used for 
aeration (18). 

Influence of Fluoride Added to Bone Salt Suspended in Saline 
Solution—Precipitates of bone salts were prepared essentially 
as described above with the exception that the fluoride was 
added after the precipitates had been equilibrated with their 
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supernatant solutions for 5 days. For the determination of 
the effect of fluoride on the solubility of the inorganic salts 
of teeth, 150 mg. portions of crushed teeth, washed and dried 
with alcohol and ether and powdered to pass a 200 mesh screen, 
were suspended in 200 ml. of salt solution containing 1.5 and 
2.0 mg. per cent of phosphorus and calcium, respectively, and 
equilibrated in the same way as the precipitated bone salt. 

The solubility of the precipitates and powdered teeth was 
measured in terms of the solubility of tertiary calcium phos- 
phate—as the 5th root of the product of the cube of the calcium 
and the square of the phosphate concentrations in the super- 
natant solutions, expressed as mg. per cent. Measurement 
in this way permits the comparison of the small differences in 
solubility before and after a change in pH, even though the 
amounts of calcium and phosphate in the supernatant solution 
are not increased proportionately. If the calcium in the super- 
natant solution is increased by 10 per cent while phosphorus is 
increased by 2 per cent, solubility is increased by 6.7 per cent; 
if both phosphate and calcium increase 10 per cent, solubility 
is increased by 10 per cent. 


RESULTS 


Influence of Fluoride on Rate of Precipitation of Bone Salt— 
When solutions containing about the same amounts of mag- 
nesium, sodium chloride, and sodium bicarbonate as blood 
plasma, but increased amounts of calcium, phosphate, and 
carbon dioxide, were brought to and maintained at physiological 
temperature and pH, a precipitate formed within a few hours 
(Fig. 1). When fluoride was not present in the equilibrated 
solution, the rate of precipitation decreased briefly as phosphate 
in the solution passed the 5 mg. per cent level, then accelerated, 
and decreased again as the final solubility level was approached. 
When fluoride was present, precipitation began and proceeded 
as it did in the absence of fluoride, with the exception that the 
precipitate formed after a few hours of equilibration was stabi- 
lized at a level of about 5 mg. of phosphorus and 11 mg. of 
calcium (not given in Fig. 1) for a period of time dependent on 
the amount of fluoride in the solution, up to 4 days with 12 
p.p.m. of fluoride. Stabilization of the initial precipitate was 
dependent on the presence in the solution of a small amount 
of magnesium (not shown in Fig. 1). 

In order to determine whether or not the composition of the 
initial precipitate differs from that of the final precipitate, 
experiments were stopped at various intervals during the pre- 
cipitation reaction and both precipitates and supernatant solu- 
tions were analyzed (Table I). For each level of fluoride present 
initially, the analyses are divided into two groups: the first 
group includes those analyses in which the supernatant solutions 
contained from 4.8 to 5.5 mg. per cent of phosphorus and the 
precipitates were the initial precipitates; the second group in- 
cludes those analyses in which the supernatant solutions con- 
tained from 1 to 3 mg. per cent of phosphorus and the precipitates 
were the final precipitates. The composition of the precipitates 
is expressed as the ratio of calcium to phosphate, to carbonate, 
to fluoride, in terms of equivalents, with calcium assigned a 
value of 100. Sufficient magnesium and sodium (not shown 
in the table) were present to make the sum of the cations about 
equal to the sum of the anions. The presence of fluoride in 
either the initial or final precipitates had little effect on the 
amounts of phosphate or carbonate in the precipitates. The 
initial precipitates contained about half as much carbonate 
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and half as much fluoride as the final precipitates. Increased 
carbonate was compensated by decreased phosphate. Only 
about 20 per cent of the fluoride initially present in the super- 
natant solution was incorporated into the initial precipitate, 
whereas about 90 per cent was incorporated into the final 
precipitate. 

Influence of Fluoride on Solubility of Bone Salt—When bone 


MG % 








PHOSPHORUS IN SUPERNATANT 





l 1 1 l l 





| 2 3 4 5 6 7 
DAYS 


Fig. 1. Influence of fluoride on rate of precipitation of bone 
salt. Initially the solutions were saturated with CO, and con- 
tained NaCl, NaHCO;, MgCl:, 8 mg. per cent P, and varying 
amounts of F and Ca—16.2 and 15.0 mg. per cent Ca (Curves A 
and B, respectively); 0.05 mg. per cent F and 15.1 mg. per cent 
Ca (Curve C); 0.12 mg. per cent F and 15.1 mg. per cent Ca (Curve 
D); 0.3 mg. per cent F and 15.3 mg. per cent Ca (Curve E); 0.7 
mg. per cent F and 15.7 mg. per cent Ca (Curve F); and 1.2 mg. 
per cent F and 16.2 mg. per cent Ca (Curve G). The solutions 
were equilibrated with 6.2 per cent carbon dioxide in air until the 
end of the experiment. Each curve is the mean of from 3 to 10 
experimentally determined curves. 


TaBLe I 
Composition of bone salts formed in vitro* 

















see Fluoride in 
een sities equllipration | "ratios ot GaPsCOn 
(refer- with: 
ence to —s 
Fig. 1) Initialt | Finalf Ae 
Ca F _iprecipi- |precipi- Initial Final 
tate | tate 
mg. % | mg. %o | mg. %o | mg. % | 
B 15.0 | 0.0 | 0.0 | 0.0 |100:102:7.0:0.0)100:95:15.5:0.0 
Cc 15.1 | 0.05 | 0.04 | 0.005100: 102:6.5:0.2/100:95:15.5:0.4 
D 15.1 | 0.12 | 0.10 | 0.01 |100:102:7.0:0.5)100:93:14.5:0.9 
E 15.3 | 0.30 | 0.24 0.02 |100:104:7.1:1.4/100:96:14.0:2.4 
F 15.7 | 0.70 | 0.60 | 0.04 |100:99:7.0:2.4 |100:93:13.0:4.7 
G 16.2 | 1.20 | 1.0 | 0.15 |100:101:7.0:4.6)100:90:15.0:7.0 
A 16.2 | 0.0 0.0 | 0.0 |100:101:6.5:0.0)100:94:17.0:0.0 




















* Each analysis is the mean of from 4 to 12 different experi- 
ments. 

t In addition, each solution contained 8 mg. per cent P, 0.028 m 
sodium carbonate, and 0.12 m sodium chloride. 

¢t The supernatant solutions contained from 4.8 to 5.5 mg. per 
cent P and from 9.5 to 11.0 mg. per cent Ca. 

§ The supernatant solutions contained from 1 to 3 mg. per cent 
P and from 1 to 5 mg. per cent Ca. 
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TaBLe II 
Fluoride present in solution from which bone salt is precipitated 






































Initial composition Composition of supernatant 
of solution solution after equilibration for: 
Curve (reference to 
Fig. 1) 7 days 14 days 
P Ca F 
P | Ca P | Ca 
mg. % mg. % mg. To 
B 8 15.0 | 0 1.88 | 2.66 | 1.68 | 2.37 
C 8 15.1 | 0.05 | 1.92 | 2.66 | 1.68 | 2.33 
D 8 15.1 | 0.12 | 1.93 | 2.71 | 1.66 | 2.33 
E 8 15.3 | 0.3 | 2.15 | 3.41 | 1.66 | 2.41 
F 8 15.7 | 0.7 2.11 | 3.08 | 1.34 | 1.61 
G 8 16.2 | 1.2 1.71 | 2.35 | 0.94 | 1.13 
A 8 16.2 | 0.0 | 1.60 | 3.09 | 1.52 | 2.76 
TaBLe III 


Fluoride added to bone salt suspended in saline solution 


Bone salts were either formed by precipitation from inorganic 
salt solutions (Experiments 1 to 58) or were added as powdered 
teeth to previously equilibrated salt solution (Experiments 59 to 
97). Fluoride was added to the supernatant solutions after they 
had been equilibrated with solid phase for 5 days. On the 6th 
day samples of the supernatant solutions were removed for 
analysis and the remaining solutions were equilibrated for 4 
hours with a gas mixture containing 25 per cent increased COs, 
and again analyzed. In addition to Ca and P, all solutions con- 
tained physiological concentrations of Mg, NaHCO;, and NaCl, 
and they were equilibrated with 5.9 per cent (Experiments 1 to 
58) or 6.3 per cent (Experiments 59 to 97) carbon dioxide in air. 



































Composition of supernatant solution Change in solubility* 
f ddi- 

Experi- Initial . rode bi yal 
ment Fluoride} fluoridet precip 
No. added Due to Due to __|'itatet 

on 5th fluoride change in pH 
Pow- | day 
P | Ca | dered P | Ca 
teeth 
mg. %o mg. % | mg. % % % need 
1-14)10 |20 0 | 0.00 |1.48)/2.54 0 6.44 1.1 

15-22)10 /|20 O | 0.02 |1.40)2.36) —7 + 1.1/5.5 + 1.3) 0.10 

23-31)10 /|20 O | 0.05 |1.33/2.23)-12 + 1.4)7.6 + 1.2) 0.27 

32-42/10 (20 0 | 0.10 |1.28)1.99)-19 + 1.2/6.0 + 1.1] 0.6 

43-50/10 /|20 0 | 0.30 |1.07/1.53)—36 + 1.1/3.0 + 0.3) 1.5 

51-58}10 /|20 0 | 0.70 |0.88/1.03)—53 + 0.8/2.0 + 0.3} 3.0 

59-70) 1.5) 2.0) 75 | 0.00 |3.10/2.05 0 2.1 + 0.7 

71-82) 1.5) 2.0) 75 | 0.10 |2.49/1.60/—21 + 1.4/2.1 + 1.0 

83-94) 1.5) 2.0) 75 | 0.30 |2.24/1.18/—-36 4+ 1.1]1.4 + 1.4/ 1.0 

95-97; 1.5) 2.0) 75 | 0.70 |1.9010.75|—56 + 2.0/3.0 + 1.5 














* Variations give the standard error. Each determination in 
which fluoride was present was compared with the mean of from 
one to three controls, run simultaneously, in which fluoride was 
not present. 

t Ratio, equivalent of F to equivalent of Ca, times 100. The 
F content of precipitates formed from solutions which contained 
initially 0.02 to 0.10 mg. per cent F are calculated on the basis that 
0.005 mg. per cent F, which corresponds to the maximal sensitivity 
of the method, remained in the solution. 

¢t Mean values. The slightly lower solubility of the precipi- 
tates formed in the absence of fluoride (Experiments 1 to 14) 
than in those recorded in Table II (Fig. 1., Curves B and A), is 
attributable to a small difference in pH and to precipitation from 
a solution which contained higher concentrations of P and Ca. 
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salts are formed in the presence of small amounts of fluoride, 
precipitation is delayed by the presence of the fluoride, but it is 
essentially completed within about 7 days (Fig. 1, Table I). The 
solubility of these precipitates after 14 days of equilibration 
is not affected by the presence initially of 0.3 mg. per cent of 
fluoride, or less, but a larger amount of fluoride causes a marked 
decrease in solubility (Table II). Equilibration of the solu- 
tions which contain no fluoride or a very small amount of 
fluoride beyond 14 days is accompanied by further very slow 
decrease in solubility (not shown in Table II). 

In order to avoid the prolonged period of equilibration neces- 
sary for measurement of the effect of fluoride present in the 
precipitating solution, fluoride was added to the supernatant 
solution after the precipitate had formed and the change in 
solubility was measured after a short period of additional 
equilibration (Table III). Precipitates formed in the absence of 
fluoride reached constant solubility, except for the slow decrease 
illustrated in Table II, after about 4 days of equilibration. Fol- 
lowing the addition of sufficient fluoride on the 5th day to bring 
the levels of fluoride in the supernatant solutions to from 0.2 
to 7 p.p.m., the levels of both calcium and phosphate in the 
supernatant solutions decreased, as measured on the 6th day, 
to values corresponding to mean decreases in solubility of 7 to 
53 per cent. If equilibration was continued beyond the 6th 
day without change in pH, there was no further significant 
change in solubility due to fluoride. The addition of a small 
amount of fluoride to powdered teeth equilibrated with saline 
solution decreased the solubility of the teeth to about the 
same extent as it decreased the solubility of the precipitated 
bone salt (Experiments 59 to 97). 

In order to determine whether the change in solubility fol- 
lowing the addition of fluoride is due to a change in true solu- 
bility level, or whether it is due to a simple increase in the rate 
of a slow precipitation reaction, the solutions were equilibrated 
for four hours, on the 6th day, with a gas mixture in which the 
carbon dioxide was increased by 25 per cent, and the amounts 
of calcium and phosphate in the supernatant solutions were 
again measured. The solubility of the bone salts was increased 
in the controls and at all levels at which fluoride was studied, 
indicating that solubility equilibrium had been reached. The 
extent of the increase was less than the theoretical 11 per cent 
calculated for tertiary calcium phosphate, which would have 
been obtained if the salts had behaved as pure tertiary calcium 
phosphate and had reached their limiting solubility after the 
pH change. Continued equilibration beyond 4 hours caused 
very little additional increase in solubility. 


DISCUSSION 


Fluoride has two different and distinct effects on precipitates of 
bone salt formed from inorganic solutions of the approximate 
composition of plasma: it stabilizes an initial precipitate at a 
relatively high solubility level, and it decreases the solubility 
of the final precipitate. The initial precipitate contains less 
fluoride and less carbonate than the final precipitate. It contains 
a smaller amount of fluoride even though its supernatant solu- 
tion contains more fluoride than that in contact with the final 
precipitate. The smaller amount of carbonate in the initial 
precipitate may be related to the greater amount of phosphate 
in its supernatant solution in the same way that variations in 
the carbonate content of the final precipitate are related to the 


amount of phosphate in its supernatant solution (19). The more 


Sep 


solu 
rath 
teri: 


pret 
of 1 
con 
else 
the 
cip 
me 
Fir 
wh 
ph 
rer 


ep 
an 
in 
th 





XUM 


No. 3 


loride, 
it it is 

The 
ration 
ent of 
arked 
solu- 
int of 
’ slow 


neces- 
n the 
atant 
ge in 
tional 
nce of 
‘rease 
Fol- 
bring 
n 0.2 
n the 
day, 
7 to 
> 6th 
icant 
small 
saline 
, the 
tated 


’ fol- 
solu- 
rate 
‘rated 
1 the 
unts 
were 
ased 
lied, 
The 
cent 
have 
‘ium 
the 
used 


ps of 
nate 
at a 
ility 
less 
ains 
olu- 
final 
itial 
hate 
s in 
the 
nore 





September 1958 


soluble initial precipitate may have a tricalcium phosphate, 
rather than the apatite crystal structure reported to be charac- 
teristic of usual preparations of tertiary calcium phosphate (20). 

Several observations indicate that stabilization of the initial 
precipitate is not attributable to the presence in the solution 
of unionized complexes of calcium and fluoride, similar to the 
complexes of calcium with carbonate and phosphate described 
elsewhere (21, 22). The presence of fluoride does not affect 
the initiation of the precipitation reaction. The initial pre- 
cipitate is stabilized even though additional calcium, stoichio- 
metrically equivalent to the fluoride, is present in the solutions. 
Finally, the slightly increased level of calcium in those solutions 
which contain fluoride is reflected in a slightly lowered level of 
phosphorus (Fig. 1), indicating that the additional calcium 
remains in ionic form. 

The inhibition by fluoride of the calcification of surviving 
epiphyseal cartilage of rachitic rats (23) appears to be similar to, 
and may be due to, the inhibition by fluoride of precipitation 
in inorganic salt solutions. Both processes are dependent on 
the presence of a small amount of magnesium. 

Fluoride decreases the solubility of bone salt more effectively 
if it is added to suspensions of bone salt than if it is included 
in the solution from which bone salt is formed. This may be 
due to its concentration on the surface of the crystal rather than 
to its distribution throughout the crystal. The concentration 
of fluoride shown to be effective in decreasing the solubility of 
bone salt when it is added to suspensions of bone salt is about 
one-fifth of that used for treating municipal water supplies 
and is less than that usually considered to be effective for the 
prevention of dental caries (24). The concentration of fluoride 
in the precipitate, 0.11 to 7.0 per cent, expressed as equivalents 
per 100 equivalents of calcium (Tables I and III) covers the 
range of the fluoride content reported for bones (25), which 
extends from a normal value of about 0.1 per cent to an extreme 
of about 6.5 per cent, expressed on the same basis. The highest 
concentration recorded for the precipitate is sufficient to change 
70 per cent of the calcium of the precipitate to fluoroapatite. 

Over the range of concentration studied the amount of fluorine 
in the final precipitates is roughly 90 times that in their super- 
natant solutions, when concentrations are expressed as equiv- 
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alents of fluorine per equivalent of calcium, and as mg. per 
cent respectively (Table I). The level of fluoride in the blood 
of individuals whose water supply contained about 0.06 p.p.m. 
of fluoride was reported to be 0.014 p.p.m. (26), and the con- 
centration of fluorine in the dentine of persons whose water 
supply contained about the same amount of fluoride was re- 
ported as 0.024 per cent (27). When expressed in the same units 
as used for the precipitates, the ratio of fluorine in dentine to 
fluoride in blood is about 70. When a larger amount of fluoride, 
1.0 to 1.4 p.p.m., is present in drinking water, the amounts of 
fluorine in dentine (27) and blood (26) are both increased and 
the ratio of the fluorine in dentine to that in blood is about 40. 
In view of the uncertainty in the determination of these small 
amounts of fluorine, these ratios of the fluorine in teeth to that 
in blood may be considered to be roughly the same as the ratio 
of fluorine in the precipitate to that in the supernatant solution. 
Widely different amounts of fluoride have been reported to be 
present in blood by different investigators (25, 26, 28). 


SUMMARY 


When bone salts are precipitated from inorganic solutions 
of the same composition as blood plasma, except for raised 
calcium and phosphate and the presence of a small amount 
of fluoride, an initial precipitate is formed and is stabilized by 
the fluoride at a solubility level several times greater than that 
of the final precipitate. After an interval of time which is 
dependent on the amount of fluoride present in the solution, 
precipitation is reinitiated and proceeds to the final solubility 
level. The initial precipitate, stabilized by fluoride, contains 
less carbonate and less fluorine than the final precipitate. 

The addition of 0.2 p.p.m. or more of fluoride to bone salt 
suspended in serum salt solution decreases the solubility equilib- 
rium of the bone salt. Fluoride decreases the solubility of 
bone salt more effectively if it is added to suspensions of bone 
salt than if it is included in the solution from which bone salt 
if formed. 

The ratio of the amount of fluorine in dentine to that in blood, 
as determined from analyses selected from the literature, is 
roughly the same as the ratio of the amount of fluorine in in- 
organic precipitates to that in their supernatant solutions. 
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